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Abstract

Hydropower is a mature and proven technology in renewable electricity generation. At
present, decades-old hydropower plants are undergoing major upgrades and refurbish-
ments, motivated predominantly by the aging of turbine components, new regulations,
safety issues or improved turbine designs. Regardless of the incentives, refurbishments
are expected to increase the efficiency, flexibility and power of the plant. To verify
the benefits from these refurbishments, relative flow rate (discharge) measurements are
usually adequate to confirm an improvement in the post-refurbishment efficiency. The
relatively low-cost and easy-to-implement Winter-Kennedy (WK) method, which relates
the flow rate to the differential pressure across the pressure taps placed on the outer and
inner walls of a spiral casing (SC), is a popular choice to measure the relative flow rate
and thus the expected efficiency gain. Although this method has very high repeatabil-
ity, some discrepancies were noted in previous studies; without formal verification, these
discrepancies were attributed to flow changes in the SC.

The first part of this PhD thesis aims to better understand the limitations of the WK
method with the help of computational fluid dynamic (CFD) simulations of two Kaplan
model turbines: one equipped with a semi-spiral casing (SSC) and the other with a full
SC. Several factors are considered, including the inflow conditions, pressure tap locations
(WK configurations), runner blade angle and guide vane opening, runner change, and
type of SC, revealing that the flow inside the SC is sensitive to all of these factors. The
flow rate discrepancies can be very high (> 10%), suggesting the unreliability of the WK
method when the flow changes. Larger deviations are observed in regions prone to strong
secondary flow, flow separation, and the effects of stay vanes (SVs). These deviations
can be reduced by appropriately placing the pressure taps: when the inner pressure point
is located on the top wall outside of the SVs on a flow line passing midway between two
adjacent SVs, preferably at the beginning of the casing for the SSC and farther down in
the full SC. The IEC 60041 code also recommends such a configuration.

The second part of this thesis addresses the use of the WK method in transient flows.
As pressure transducers have much faster response times than common flow meters, the
WK method shows potential in transient flow measurements. Analyses are presented
for two types of inlet conditions: an SC with a straight penstock and another with a
bent penstock. Both models exhibit certain WK configurations that are more stable
than others. The physical mechanism behind the stability (or instability) of the WK
method during transients is presented. By using the steady WK coefficient obtained at
the best efficiency point for the bent penstock model, the WK method can estimate the
transient flow rate within deviations of approximately 7.5% and 3.5% for accelerating and

vii



decelerating flows, respectively. The deviation is even smaller (1.1%) with the straight
penstock model. Moreover, the WK method may outperform the pressure-time (Gibson)
method in the case of a bent penstock in transient flow measurements, as the latter
method cannot predict the transient flow rate accurately.
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Sweden. The computational domain considered is marked with the dashed
rectangle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4.1 Computational domains of the HM turbine, a) with Full penstock model
(HM1); b) Half penstock model (HM2) . . . . . . . . . . . . . . . . . . . 25

4.2 Instantaneous velocity streamlines in the full model showing the unsteady
flow condition. The secondary flow characteristics are also shown along
the cross-sectional plane of the SSC at θ = 30◦. . . . . . . . . . . . . . . 26

4.3 Overall representative meshes. a) HM model; b) distributor; c) runner . . 27

4.4 Computational domains of the PM turbine with: a) a bend penstock model
(PM1), b) a straight penstock model (PM2) . . . . . . . . . . . . . . . . 27

4.5 Representation of mesh used in LES . . . . . . . . . . . . . . . . . . . . . 28

4.6 Representation of the SSC and layout of the WK pressure taps in the HM
turbine. (a) Top view of the SSC showing the locations of the WK cross-
sections from θ = 30◦ to 120◦. (b) WK pressure tap configurations from
WK1 to WK4 and their corresponding pressure points. . . . . . . . . . . 29

4.7 Instantaneous and cumulative average values of the WK coefficients at
θ = 45◦ for the HM1 model. . . . . . . . . . . . . . . . . . . . . . . . . . 30

xiii



4.8 (a) Locations of the WK configurations at four cross-sections along the
azimuthal direction of the PM turbine; (b) WK pressure points and con-
figurations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.9 Tangential (a) and radial (b) velocity profiles along a vertical line in the
HM SC with three different grids. The experimental results are from [34]
and the measurement plane marked by grids and the validation line in (c).
The error bar in the experimental results is assumed to be 1% of the value
which is reasonable for LDA measurements. . . . . . . . . . . . . . . . . 33

4.10 a) Tangential velocity contour obtained with CFD; the measurement area
is represented by the enclosed dashed lines. b) Tangential velocity distri-
bution from the experiment conducted by Nilsson et al. [34]. . . . . . . . 34

4.11 (a) Normalized tangential velocity (U∗θ ) and (b) radial velocity (U∗r ) at the
SI and SII of SC measurement locations; the measurement locations are
shown in (c). The experimental data are from Mulu and Cervantes [38].
The dashed-dotted vertical lines represent, from left to right, the bottom
of the SC at SI, the bottom wall of the SC at SII, the lower level of the
leading edge of the SVs/ GVs, the mid-span of the GVs, and the upper
level of the leading edge of the SVs/GVs. . . . . . . . . . . . . . . . . . . 35

5.1 WK coefficients KWK for different inlet conditions at θ = 30◦ in the HM4
turbine. The Euler solution for the ideal inlet case is represented by NI BC
inlet (Euler setup). The experimental results are from [21]. . . . . . . . . 38

5.2 Variation in the WK coefficients in the azimuthal direction of the SSC for
the two inlet conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

5.3 Normalized velocity moment r.uθ along the WK lines at cross-sections
θ = 30◦ and θ = 105◦ for the ideal (NI BC) and realistic (FP BC) inlet
boundary conditions showing the closeness to free vortex theory. r.uθ is
normalized with r.uθ at r∗ = 0.5. Free vortex theory requires all the lines
to be straight. r∗ = (r − ri)/(ro − ri), where ri is the radial coordinate at
the inner wall and ro is the radial coordinate at the outer wall of the SC. 40

5.4 Deviations in the WK coefficients at BEP between PM1 and PM2 models
indicating the effects of the inflow conditions. . . . . . . . . . . . . . . . 41

5.5 Velocity profile in the inner region of the line P47 (WK4) at θ = 30◦. The
downward shift in the velocity is due to differences in the imposed wall
roughness. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

5.6 Surface roughness effect on the WK coefficients. The results are normal-
ized by the values obtained for smooth walls. The red and blue circles
correspond to the smooth wall and actual roughness wall, respectively. . . 42

5.7 Radial flow normalized by the ideal distribution (axisymmetric flow con-
dition) through the GV channels showing the flow distribution in each GV
sector. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

xiv



5.8 Deviations in the WK coefficient, KWK, obtained at different GVOs from
that obtained at the BEP. Deviations larger than the scale (± 2%) are not
shown. The error bar, denoted by εexp, refers to the maximum range of
deviation (vertical line of the error bar) of the coefficients obtained from a
polynomial fitted to experimental values for a propeller curve at θ = 30◦

during an experimental campaign [21]. The horizontal line of the error bar
represents the GVO range during the experiment. . . . . . . . . . . . . . 44

5.9 Pressure distribution and corresponding secondary flow structure for WK4
at θ = 30◦. (a) Normalized pressure distribution obtained using Eq. (5.1)
along line P47 for four GVOs, where 100% corresponds to the αGVO at the
BEP. (b) Cross-sectional view for αGVO = 66% showing the normalized
pressure contour and the velocity vectors. . . . . . . . . . . . . . . . . . . 45

5.10 Propeller configurations for a change in the runner blade angle. . . . . . 46

5.11 Absolute deviation of KWK at the BEP-5◦ runner blade position relative
to that at the BEP. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

5.12 Deviations in the WK coefficients between the two runner cases. . . . . . 48

5.13 Locations of the planes and monitored pressure points with the a) T99
runner and b) U9 runner. . . . . . . . . . . . . . . . . . . . . . . . . . . 48

5.14 Normalized velocity difference, ∆nv, between the two cases a) on the PR
plane and b) on the PGV plane. . . . . . . . . . . . . . . . . . . . . . . . 49

5.15 Circumferential and radial dependencies of the WK coefficients on the
location of P3 in the WK3 configuration at θ = 30◦ and θ = 45◦. The
deviations are calculated about the original location of point P3, i.e., r∗ =
0 for the radial dependence and θ∗ = 0◦ for the circumferential dependence. 50

5.16 Snapshots of the vorticity and velocity streamlines on the cross-sectional
planes of the SC from LES. . . . . . . . . . . . . . . . . . . . . . . . . . 51

5.17 Flow rate variations over time showing the transient flow rate, Qt, during
(a) acceleration and (b) deceleration. Qs is the steady flow rate obtained
from the simulations at a stationary GVA (α). . . . . . . . . . . . . . . . 52

5.18 Deviations calculated from Eq. (5.3) between the flow rates (transient and
steady) and the GVO. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5.19 Deviations in the instantaneous flow rate using the WK method and the
actual transient flow rate obtained from the simulation with the WK con-
figuration at θ = 101◦ at some time instances. (a) Acceleration; (b) decel-
eration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5.20 Variations in the different terms at WK2d for steady (a–c), decelerating (d
and e) and accelerating (f and g) flows. RPG: radial pressure gradient, CF:
centrifugal force, SIF: spatial inertial force, TIF: temporal inertial force,
VT: viscous and turbulence term. . . . . . . . . . . . . . . . . . . . . . . 55

5.21 PT measurement point locations, considered sections, and their distances. 56

5.22 a) Transient flow rates estimated using the PT and WK methods compared
to the actual CFD flow rate; b) deviations in the flow rates between each
method and the CFD flow rate. . . . . . . . . . . . . . . . . . . . . . . . 57

xv



6.1 Graphical representation of the deviations (%) shown by the most stable
WK configuration, i.e., WK3. . . . . . . . . . . . . . . . . . . . . . . . . 60

xvi



Nomenclature

Symbols

A area, m2

D runner diameter, m
E specific hydraulic energy
ks surface roughness, microns
KWK WK coefficient, m3.5/kg0.5

KWK BEP WK coefficient obtain under BEP (steady) flow conditions,
m3.5/kg0.5

n WK exponent
Ph hydraulic power of available water
Pm mechanical power of the runner
PT mechanical power delivered by the turbine shaft
Q flow rate (discharge), m3/s
QBEP flow rate (steady) at the BEP, m3/s
Qr radial discharge to the distributor, m3/s
Qs steady flow rate obtained at stationary α, m3/s
Qt transient (instantaneous) flow rate, m3/s
QWK estimated transient flow rate using KWK BEP and ∆Pt, m3/s
r radial coordinate, m
r∗ dimensionless radial distance
t time, s
ta accelerating time (transient time), s
td decelerating time (transient time), s
T99 Hölleforsen (Turbine-99) turbine runner
U streamwise velocity (total), m/s
Ub bulk velocity calculated at the SC inlet at the BEP, m/s
U9 Porjus U9 turbine runner
Uθ tangential velocity, m/s
Ur radial velocity, m/s
uτ friction velocity
y∗ dimensionless wall distance

xvii



Greek Symbols

α GV angle, ◦

β angular coordinate in the circumference of the SC cross-section, ◦

∆α ∆t in terms of GV rotation angle, ◦

∆nv difference in normalized velocity
∆P pressure difference between the outer and inner WK pressure

points, Pa
∆Pt instantaneous pressure difference during a transient, Pa
∆t time step, s
η efficiency of the turbine, %
ηh hydraulic efficiency of the turbine, %
θ circumferential location/azimuthal angle of the SC, ◦

θ∗ angular distance from the original θ location, ◦

ν kinematic viscosity of water, ms/s
ρ density of the fluid (water), kg/m3

Glossary of Abbreviations and Acronyms

BEP best efficiency point
CFD computational fluid dynamics
FP full penstock including upper tank
FP BC realistic inlet boundary condition for HP, obtained by simulating

the FP model
GCI grid convergence index
GV guide vane
GVA guide vane angle
GVO guide vane opening, mostly expressed in %
HM Hölleforsen model turbine; four different computational domains

were created from the HM, namely, HM1 HM2, HM3 and HM4
HP half penstock, i.e., FP model cut somewhere in the middle to

exclude the upper tank and bend effects
IEC International Electrotechnical Commission
LDA laser Doppler anemometry
LES large eddy simulations
NI BC ideal inlet boundary condition for HP
PGV plane at the mid-span of GVs

xviii



PM Porjus U9 model turbine
PR plane just above the runner
PT pressure-time (Gibson) method
RANS Reynolds-averaged Navier–Stokes equations
SC spiral casing (full)
SSC semi-spiral casing
SST shear stress transport
SV stay vane
VRD Vattenfall research and development lab
WK Winter-Kennedy flow measurement method

xix



xx



Part I: Summary

1



2



Chapter 1

Introduction

1.1 Hydropower and its current importance

Hydropower is a mature and proven technology in renewable electricity generation. The
total installed capacity in 2018 was nearly 1300 GW, generating 4200 TWh of estimated
electricity, which accounted for approximately 16% of the total electricity and 60% of the
renewable electricity generation globally [1, 2]. The global renewable power capacity is
forecasted to expand by 50% in the next five years (2019–2024), mainly from intermittent
sources such as solar and wind power installations [3]. The intermittency of these sources
leads to grid fluctuations.

As an example, a regional power exchange in the Nordics reaches the Baltic countries
and mainland Europe, and several major interconnection projects are currently under
construction. This international electricity system enables the region’s energy resources
to be utilized efficiently by, for example, balancing supply and demand and improving
the regional energy security and stability. Hydropower dominates the mixed sources of
electricity in the Nordics (see Figure 1.1a) and balances the grid, e.g., when there are both
low and high wind power conditions in Denmark (Figure 1.1b). Hydropower also helps
to balance seasonal variations. Hence, hydropower is expected to remain a key factor
in the coming decades towards easing the integration of different sources of renewable
energy [4, 5].

Figure 1.2 shows the drivers for the refurbishment of 70 hydropower plants in 10 dif-
ferent countries, mainly Norway and Japan. The chart shows the following main reasons
for renewing and upgrading these hydropower plants: a) plant degradation due to aging
and the recurrence of malfunctions, b) environmental deterioration, c) high performance
needs, d) safety, e) third-party needs and f) accidents. Most plants were refurbished due
to the aging and to achieve higher performance. Most of the plants were refurbished
30–50 years after they were initially commissioned. A turbine runner supplied in the
1950s can have a potential improvement in its peak efficiency of approximately 4% [6].
Moreover, the current need for turbines that can withstand frequent transient events

3



4 Introduction

Figure 1.1: a) Nordic annual electricity generation by source in 2016; b) example of a benefit
of regional interconnections. Reproduced from [1]

has also motivated the design of new runners [4]. Regardless of the drivers, refurbish-
ments are expected to increase the plant’s overall efficiency and productivity. In Sweden,
hydropower provides approximately 40% of the annual electricity produced [1]. These
Swedish hydropower plants were mostly built during the 1950s through the 1970s and
are now undergoing major refurbishments. The number of refurbishment projects has
also been motivated by new directives, such as the European 2009/28/EC renewable en-
ergy directives and the recent 2018/2001/EU directive. The incentives for refurbishments
have been further stimulated by the introduction of the electric certificate system. Other
incentives for refurbishments include factors such as safety and environmental issues.

A common method for verifying the benefits of a refurbishment project is to measure
the plant’s efficiency, which can be measured directly using the thermodynamic method
in high-head plants, whereas indirect methods are necessary at low heads. The discharge
(flow rate) through the turbine is necessary to calculate the efficiency. If the purpose of
the measurement is to verify the benefits of refurbishments, a relative flow rate measure-
ment method is usually adequate to determine whether the efficiency will increase after
refurbishment. Therefore, the relatively cheap and easy-to-implement Winter-Kennedy
(WK) method is a popular choice to perform such tests in low-head plants. The WK
method is discussed in Chapter 2.

1.2 Hydraulic turbines

Hydraulic turbines allow the transformation of water kinetic and potential energy into
mechanical energy, which is then converted into electrical energy by generators. Hydraulic
turbines can be divided into impulse and reaction types. An impulse turbine (e.g., a
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Figure 1.2: Hydropower refurbishment projects according to the year of commissioning (top)
and drivers of refurbishment (bottom); data from [7]

Pelton turbine), which is driven by the kinetic energy of the water, is a high-head machine
that is placed in the open air and usually operated under a head exceeding 500 m. In
contrast, a reaction turbine utilizes both the pressure and the kinetic energy of water, in
which its runner is completely submerged. Reaction turbines are operated under both
medium-head (e.g., Francis turbine) and low-head conditions, i.e., under a head reaching
up to 70 m (e.g., Kaplan, propeller and bulb turbines).

1.2.1 Kaplan turbines

Kaplan turbines, which are axial turbines, are double-regulated low-head machines—this
implies that the flow conditions are regulated by adjustable guide vanes (GVs) and the
runner blade angles. The Kaplan turbine was initially designed by Austrian Professor
Viktor Kaplan in 1913. In general, Kaplan turbines are chosen with a head of less than
50 m but not more than 75 m, mainly due to the mechanical constraints in the runner
[8]. Kaplan turbines have some advantages over low-head Francis turbines, such as a
wider efficiency curve and the possibility of avoiding pressure pulsations and cavitation
over the whole range of operation conditions. Kaplan turbines are also preferable for
large machines with a high flow rate (200–500 m3/s) for both economical and practical
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reasons.

The layout of a Kaplan turbine is depicted in Figure 1.3. The main components of a
Kaplan turbine are the spiral casing (SC) (or semi-spiral casing (SSC)), stay vanes (SVs),
GVs, runner, and draft tube. Water is delivered into the turbine through a pressure shaft
or penstock. The SC evenly delivers the water to the distributor, which creates a swirl
flow before the water enters the runner. The runner recovers the angular momentum of
the flow and transforms it into mechanical energy by rotating the shaft connected to the
generator, thereby generating electricity.

Figure 1.3: Low-head plant equipped with Kaplan turbine, with measurement points to determine
the specific hydraulic energy of the machine [9]

1.3 Flow and efficiency measurement

Standards for the field testing and model testing of hydraulic turbines can be found in
the International Electrotechnical Commission (IEC) 60041:1991 [9] and IEC 60193:1999
[10] codes, respectively. The efficiency of a turbine (η) is the ratio of the turbine me-
chanical power (PT ) to the hydraulic power of available water (Ph), i.e., η = PT/Ph.
The mechanical power delivered by the turbine shaft PT can be determined indirectly by
measuring the generator output and considering the mechanical and electrical losses in
the system. The hydraulic power Ph and the specific hydraulic energy E for a low-head
machine are given by

Ph = E(ρQ)±∆Ph (1.1a)

E = gZ

(
1− ρa

ρ̄

)
+
v2

1 − v2
2

2
(1.1b)
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whereQ is the discharge (flow rate) through the turbine, ḡ is the local value of acceleration
due to gravity, Z is the difference in elevation between two measurement points, ρ̄ =
(ρ1 + ρ2)/2 and ρa are the density of the water and air, respectively, and v1 and v2 are
the mean velocities at measurement points 1 and 2, respectively (see Figure 1.3 for the
locations of the measurement points). ∆Ph is the hydraulic power correction depending
on contractual definitions and local conditions.

There are several methods for acquiring steady discharge measurements that are ac-
cepted by the IEC 60041 standard and are divided into either absolute or relative meth-
ods. Absolute methods give absolute values of the discharge and efficiency, and the results
determine whether the machine satisfies the guarantees in acceptance tests, whereas rela-
tive methods provide only relative values of the discharge and efficiency and can be used
either to obtain supplementary information or to calculate the gain in efficiency after
refurbishment. Most absolute methods are applicable only to plants with heads exceed-
ing 50 m because of the requirements posed by those methods. Absolute measurements
come with some limitations which may not be technically and economically feasible to
be employed in the low head plants. Therefore, obtaining discharge measurements at low
heads remains a challenge.

Here, the challenges of some absolute methods when measuring the discharge in low-
head plants are briefly discussed. The current meter method requires the angle between
the local flow velocity and the axis of the current meter to be below 5◦, which is difficult
to achieve in low-head plants. Current meters also suffer from a high cost and installation
time. The pressure-time (PT) method (also known as the Gibson method) is also a code-
accepted method, but there are several conditions of validity. Among these conditions,
the PT method requires the measurement length to be at least 10 m, and the product
of the velocity with the length between the measurement cross-sections must be greater
than 50 m2/s. Moreover, the conduit considered should have a constant cross-section
(however, some attempts have been performed recently to apply this method beyond the
IEC requirements; see the works from Saemi et al. [11] and Jonsson and Cervantes [12]).
The intake in a low-head machine usually has continuously varying cross-sections, and
the intake itself might be short. Some other discharge measurement methods include the
dilution and volumetric methods, but these techniques have not received much attention
in Sweden. In addition, the scintillation and transit time methods are in development
for low-head applications. Flow rate measurements in the Kootenay Canal by Almquist
et al. [13] showed that the acoustic transit time and acoustic scintillation methods can
predict the discharge within 0.1% and 0.5%, respectively. However, these methods can
also be expensive and time-consuming. Additional discussion can be found in Paper A.

Furthermore, hydraulic turbines operate under frequent transient events, such as
rapid ramp-up and ramp-down, start-stop, and variable-speed events. The frequency
of transient events is likely to increase in the coming years due to the rapid expansion of
intermittent renewable power sources, which demands that the runner be able to with-
stand flexible operations [4]. The instantaneous discharge during a transient event is a
key parameter for studying the hydromechanical effects on turbine components and for
quantifying the total volume of flowing water during such an event. Thus, accurate tran-
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sient flow rate measurements in a hydraulic turbine have become a necessity. However,
it is still challenging to measure the transient flow rate in practical applications, such as
in hydraulic turbines, and relatively little research has been conducted in this respect.

1.4 Index tests

Index testing gives only relative discharge and efficiency values and is considered a sec-
ondary method by IEC 60041. The index testing method, which is normally utilized
during the commissioning and operation of a machine, can be considered a part of the
field acceptance test only when the method is calibrated by a code-accepted method.
Index testing is also utilized to determine the on-cam relationship, i.e., the correct rela-
tionship between the GV opening (GVO) and runner blade angle, in a double-regulated
machine. In addition, index tests may be applied to determine the performance char-
acteristics of a machine according to relative values, changes in efficiency and/or power
after refurbishment, or the optimization of a power plant with several units.

During an index test, relative values are calculated from index values, where an index
value is expressed as a proportion of the value under an agreeable condition. The relative
discharge Qrel and relative efficiency ηrel in a low-head plant can be calculated according
to IEC 60041 as follows:

Qrel =
Qi

Qiref

(1.2)

ηrel =
(P/E ×Qi)

(P/E ×Qi)ref
(1.3)

where the index discharge Qi is measured by an uncalibrated device and the Qiref is usu-
ally estimated assuming a probable or expected absolute value for the maximum relative
efficiency (a procedure to estimate a probable absolute value from the WK method is
described in Chapter 2). The WK method is usually employed to measure the relative
discharge.

The WK method relates Q and the differential pressure (∆P ) across the cross-section
of an SC:

Q = KWK ×∆P n (1.4)

where KWK is a flow constant (usually called the WK constant/coefficient) and n is an
exponent whose value varies from 0.48 to 0.52 [9]. The theoretical value of n is 0.5.
Further discussion on the method is provided in Chapter 2.

The WK method also allows for continuous measurements as ∆P can be continuously
measured. Hence, this method is widely used when index testing to find the optimum
relation between the runner blade angle and GV angle (GVA) to achieve the highest
performance of a given machine. However, the WK method has sometimes been reported
as inconclusive, as the WK coefficient, KWK, can vary [14, 15]. Possible factors that could
cause these erroneous results may be changes in inflow conditions, geometry changes (such
as the runner), and changes in the runner blade angle and GVOs. Although the WK
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method has been found to be sensitive to these parameters, to what extent these factors
affect the WK coefficient as well as the associated mechanism remain unclear.

Moreover, when a model turbine in the laboratory is operating transiently, the in-
stantaneous discharge is typically of interest. However, while the steady-state flow rate
in the laboratory can be accurately measured with available flow meters, for instance,
with an electromagnetic flow meter, measuring the transient flow rate is difficult. This is
because flow meters usually have a finite response time and hence induce a time lag. Al-
ternatively, the WK method can provide better measurements since pressure transducers
have a much faster response time than a flow meter.

1.5 Objectives and scope of this thesis

The main objectives of this thesis are to a) study the limitations of the WK method in
steady-state flow measurements and b) explore the possibility of using the WK method
to measure transient flows. This research is based on the computational fluid dynamic
(CFD) analysis of Kaplan model turbines.

Two different Kaplan turbines, one equipped with a full SC and another with an SSC,
are considered. A steady-state study is conducted for both types of casings, whereas
the measurement of transient flow is studied only for the full SC. Several factors that
can influence the WK method in steady-state operation are systematically studied, and
the usability and accuracy of the WK method in transient flows are studied in both
accelerating and decelerating flows.

In the first part of this thesis, in addition to the introduction presented in Chapter
1, the WK method is discussed in Chapter 2. Chapters 3 and 4 describe the test cases
and the numerical methods employed herein, respectively. The results are presented and
discussed in Chapter 5, Chapter 6 includes the conclusion and future work and Chapter
7 includes the division of work and the list of appended papers.

In the second part of this thesis, the publications derived from this PhD research are
presented in subsections, namely, Paper A, B, C, D, E and F.
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Chapter 2

The Winter-Kennedy (WK)
method

The WK method is an index testing method that provides only relative values of
the discharge. The WK method, which was initially described by Ireal A. Winter and
A.M. Kennedy in 1933 [16], uses the differential pressure between a pair of pressure taps
located along a radial cross-section of an SC. The outer tap is located on the exterior
wall of the casing, while the inner tap is normally placed outside the SVs, preferably
between two adjacent SVs. It is also a good practice to install a second pair of taps along
another radial cross-section. The locations of the taps as recommended by the IEC 60041
standard are shown in Figure 2.1 and Figure 2.2, respectively, for full SC and SSC. The
standard also recommends that the taps should not be placed near the joints or abrupt
changes in the spiral section.

The WK coefficient, KWK, is usually determined using one of the following two meth-
ods. The first method is a single point method where the prototype KWK value is
estimated according to the step-up hydraulic efficiency (ηh) value from the model test.
The calculation procedure can be summarized as follows:

1. Calculate the step-up prototype hydraulic efficiency, (ηh)P , following the
IEC 62097/IEC 60193 guidelines from the model efficiency (ηh)M

2. Calculate the WK coefficient of the prototype, (KWK)P , using (ηh)P :

• Expected prototype discharge, (Qref )P = (Pm/(ρEηh))P

• (KWK)P =
(
Qref/

√
∆P
)
P

where the subscripts P and M denote the prototype and model conditions, respectively,
and Pm is the mechanical power of the runner, which may not be feasible to get measured
in larger machines, so PT may be used; follow IEC standards for specific calculation
procedures. However, the model test results may not always be available. In such cases,
another approach to estimate KWKP such as using the theoretical value, from previous

11
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index testing results or even by guessing might be necessary; an approach to calculate the
theoretical KWK is described in Section 2.1. The second method uses multiple points;

Figure 2.1: Locations of the taps used for the WK method in a turbine equipped with a steel full
SC.

Figure 2.2: Locations of the taps used for the WK method in a turbine equipped with a concrete
SSC.

the absolute values of Q are measured simultaneously with ∆P , and then the Q vs ∆P
curve is fitted to find the values of KWK and n. It is also common to use a log-log plot
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to form a straight line in slope-intercept form. Other ways to calibrate also exist (see
the works of Sheldon [17]; further discussion can be found in Paper A). However, the
multiple point method requires absolute flow measurements and might not be feasible,
mainly in low-head plants. Hence, the first (single point) method remains the typical
choice for WK measurements.

2.1 Principle and analytical estimation

In this section, the principle of the WK method is extended from the physics of a flow
along a curvilinear path based on a free vortex flow assumption. Consider the SC with
notations as shown in Figure 2.3, where Qθ and Qr are the tangential and radial discharge,
respectively. An inviscid one-dimensional fluid flow in a curved conduit is subjected to a

Figure 2.3: SC for analytical consideration

centrifugal force inducing a radial pressure gradient:

1

ρ

∂P

∂r
=
U2
θ

r
(2.1)

where Uθ and r are the tangential velocity and radial distance, respectively. The theo-
retical cross-sectional (tangential) discharge Qθth with the casing’s cross-sectional area of
Aθ is given by,

Qθth = AθUθ (2.2)
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Integrating Eq. (2.1) from inner radius ri to outer radius ro of the cross-section and
inserting the outcome into Eq. (2.2) gives

Qθth = Kgeo

√
∆P (2.3a)

Kgeo =
Aθ√
ρ ln( ro

ri
)

(2.3b)

where Kgeo is a geometrical constant at Aθ.
Considering an axisymmetric distribution of the discharge to the distributor, the

cross-sectional discharge Qθlin can also be related to Qr, the radial discharge at the
casing inlet, as follows:

Qθlin =

(
θtol − θ
θtot

)
(Q−Qr) = KQθ(Q−Qr) (2.4)

where θtot is the wrap angle (360◦ for a full spiral) and θ is the azimuthal location on
the casing. Considering a uniform radial discharge in the distributor, Qr is a function of
only the wrap angle and the discharge and is given by:

Qr =


0, full spiral

(
1− θtot

360◦

)
Q, semi-spiral

(2.5)

Thus, from Eqs. (2.3a), (2.4) and (2.5), the total theoretical discharge Qth is obtained
as a function of the pressure across the section considered:

Qth =


Kgeo

KQθ

√
∆P , full spiral

360◦

θtot

Kgeo

KQθ

√
∆P , semi-spiral

(2.6)

Therefore, the theoretical WK coefficient, KWKth, is expressed as follows:

KWKth =


Kgeo

KQθ

, full spiral

360◦

θtot

Kgeo

KQθ

, semi-spiral

(2.7)

2.2 Uncertainties and previous studies

The WK method has good repeatability under similar conditions and provides very well
predictions under favorable steady-state conditions. Isaksson et al. [18] reported a max-
imum efficiency deviation of ∼ 1% calculated using the flow rate estimated by the WK
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method for repeated samples. The uncertainty in the flow rate estimation for a Kaplan
model turbine was found to be approximately 0.65% in a study performed by Andersson
et al. [19]. In an experimental study on a 52 m head Francis turbine by Hulaas et al.
[20], the WK test results fit very well with both thermodynamic and PT measurements
(absolute methods), with a maximum percentage point difference of 0.59 with respect
to the PT method; in this measurement, KWK was calibrated based on the best-fitting
results of those absolute methods and n was kept at 0.5.

However, KWK is a function of the flow condition, Reynolds number and wall rough-
ness. The KWK calibrated by a model test can never be a substitute for an absolute
flow discharge measurement at the prototype. Even under favorable conditions, the un-
certainty in the discharge measurement at the prototype using the calibrated KWK from
model tests can be ± 5% [10]. Moreover, KWK was found to depend on the type of
runner [21], inlet flow conditions [19], and locations of WK taps [22]. The experimental
study conducted by Andersson et al. [19] revealed that a skewed inflow can cause errors
reaching 10% using a single pair of pressure taps; however, these errors can be decreased
to 1% by employing two sets of WK pressure taps in two opposite measuring positions
and by averaging the results.

The numerical investigation performed by Nicolle and Proulx [15] also showed that
the WK results are sensitive to the adjacent unit operation, showing a deviation of ∼
3%. The adjacent unit operation changes the inflow conditions, and the flow homology
required for an index is not always observed. The abovementioned study also showed the
dependence of KWK on GVOs; the authors discussed the limitations of the WK method
and proposed a new technique by placing an inner pressure tap in the distributor and
varying KWK as a function of the GVOs.

Discrepancies in the results of the WK method were found even for identical unit
measurements (see Rau and Eissner [23]). The coefficient calibrated in one unit was
also used in the other unit’s measurement, but the authors observed larger discrepancies
at higher loads with identical units. In fact, some differences in the final geometry or
configuration are unavoidable even in the case of identical units because of manufactur-
ing techniques, which may cause discrepancies. Furthermore, the WK method can also
depend on the surface roughness, which means that wear or paint within an SC might
change the original value of KWK. More reviews on previous works can be found in Paper
A.

Previous studies have demonstrated that the WK method can sometimes provide
unreliable results. The discrepancies in these results are usually attributed to probable
flow changes. Although it is now well known that changes in the abovementioned factors
also change KWK, the mechanism leading to these results is still unclear. A better
understanding of the flow physics inside an SC can provide a possible explanation for the
discrepancy and uncertainties associated with the WK method.

The flow in an SC is expected to be axisymmetric if the casing is well designed.
An SC can be considered a curved pipe exhibiting radial outflow. A radial pressure
gradient balances the centrifugal force induced on the fluid because of the curvature, but
a secondary flow develops when there is an imbalance between the centrifugal force and



16 The Winter-Kennedy method

the radial pressure gradient. This secondary flow occurs in the cross-sectional planes
of a curved pipe, which is exhibited by contrarotating vortices: so-called Dean vortices.
Numerous investigations have been performed on this topic, and the nature of these
secondary flows in curved pipes is now well known. Berger et al. [24] and Vester et
al. [25] provide good references to better understand flows in curved pipes. Similar in-
plane vortices are also observed in an SC [26]; the results reported also show that a large
recirculation can occur in an SC when a bend exists upstream. As the WK method is
based on free vortex theory, the presence of a secondary flow can influence the results.
The secondary flow in an SC depends primarily on the upstream flow conditions, the SC
geometry, and the influence of the downstream conditions, in addition to the conditions
affecting curved pipes, that is, the Reynolds number, pipe diameter and radius curvature.

Transient flow rate measurements in hydropower plants have become a necessity.
However, it is still challenging to accurately measure the transient flow rate in practi-
cal engineering applications, such as in hydraulic turbines; in fact, there is no standard
method to measure the transient flow rate in a hydraulic turbine. The possibility of
applying the WK method to transient flows has been studied for both accelerating and
decelerating flows. Transient flows have been extensively studied in straight pipes and
channels [27–30], revealing that three stages of flow development occur in an accelerating
flow. In the first stage, inertia dominates, and the turbulent shear stress largely remains
unchanged; the second stage exhibits a rapid response of turbulence, which gradually ex-
ceeds the inertial effects; in the final stage, the turbulence and mean flow field converge
towards quasi-steady values. The development of decelerating flows shows similar behav-
ior. In an accelerating flow, the wall shear stress is initially larger than the quasi-steady
values, decreases in the initial stage and eventually reaches quasi-steady values. However,
in a decelerating flow, the wall shear stress can be larger or smaller than its corresponding
quasi-steady value depending on how strong the deceleration is. Furthermore, in a de-
celerating flow, the flow and turbulence quantities are significantly different from (much
smaller than) the corresponding quasi-steady values in an accelerating flow. As acceler-
ating and decelerating flows are two transient flows in hydraulic turbines that occur more
often with frequent ramp-ups and ramp-downs of the machine, a better understanding of
transient events has become necessary for accurately measuring the transient flow rate.



Chapter 3

Test cases and previous
measurements

This chapter addresses the test cases considered in this study. Two Kaplan model
turbines are studied: one equipped with a full SC and another with an SSC. Previous
relevant measurements on these model turbines are also briefly discussed. Both model
turbines were tested at the Vattenfall Research and Development’s (VRD) hydraulic
machinery laboratory in Älvkarleby, Sweden. The model test standard as per IEC 60193
was fulfilled during the measurements.

3.1 Hölleforsen model (HM) turbine

The first test case studied was a reduced-scale (1:11) model of a prototype operating at
the Hölleforsen hydropower plant located adjacent to the Indalsälven River in northern
Sweden. The Hölleforsen hydropower plant was first commissioned in 1949. The proto-
type has a head of 27 m and a discharge of 230 m3/s; hence, the prototype is considered
a low-head plant. In addition, the plant is equipped with a Kaplan-type runner. The
Hölleforsen model (HM) turbine was also the test case of the Turbine-99 workshop series
[31–33]. The operating parameters of the HM turbine are presented in Table 3.1. The
test rig equipped with the HM turbine at the VRD laboratory is shown in Figure 3.1.
More details on the test rig can be found in [33].

Two previous measurements were used to validate the present numerical model. The
first measurement was composed of the radial and tangential velocities measured by
Nilsson et al. [34] with two-component laser Doppler anemometry (LDA). The LDA
system used was from TSI Inc. with a probe focal length of 500 mm, and the total
sample time was 120 s or 20,000 bursts.

The second experiment constituted the WK measurements from the campaign con-
ducted by Lövgren et al. [21] in 2012, the main purpose of which was to study the effects
of changes in the runner on the WK method. The measurements were performed with
an old runner in an HM turbine and a new runner. The effects of the GVOs and runner

17
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Table 3.1: HM turbine parameters

Parameter Value Unit
Head (H) 4.5 [m]
Discharge (Q) 0.522 [m3s−1]
Runner diameter (D) 0.5 [m]
Rotational speed (N) 595 [rpm]
Number of GVs 24 [-]
Number of SVs 10 [-]
Number of runner blades 5 [-]
GVA at the BEP (αBEP ) 29.5 [◦]

Specific speed
(
nq = N

√
Q

H3/4

)
139.1 [m3/4s−3/2]

Reduced flow
(
Q11 = Q

D2
√
H

)
0.98 [m3s−1]

Reduced speed
(
n11 = ND√

H

)
140.2 [rpm]

blade angle were also studied. An electromagnetic flow meter was used as the reference
flow meter with a maximum uncertainty of ± 0.13%. For the pressure measurements,
differential pressure sensors (Rosemount 3051S) were used, and the data were acquired
at 100 Hz. The measurement results were compared with the current CFD results.

Figure 3.1: Test rig equipped with an HM turbine at the VRD hydraulic machinery laboratory
in Älvkarleby, Sweden. Several computational domains from the test rig were considered in
this study, marked with dashed rectangles and marked with HM1 to HM4. The choice of the
computational domains is described later.
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3.2 Porjus U9 model (PM) turbine

The second test case involved the Porjus U9 model (PM) turbine, which is a 1:3.1 reduced-
scale of the Porjus U9 prototype Kaplan turbine located along the Lule River in northern
Sweden. The prototype has a head of 55.5 m and a discharge of 20 m3/s. Table 3.2
presents the parameters of the PM turbine and Figure 3.2 shows the model turbine test
rig installed at the VRD laboratory.

Table 3.2: PM turbine parameters

Parameter Value Unit
Head (H) 7.5 [m]
Discharge (Q) 0.71 [m3s−1]
Runner diameter (D) 0.5 [m]
Rotational speed (N) 696.3 [rpm]
Number of GVs 20 [-]
Number of SVs 18 [-]
Number of runner blades 6 [-]
GVA at the BEP (αBEP ) 26.5 [◦]

Specific speed
(
nq = N

√
Q

H3/4

)
129.5 [m3/4s−3/2]

Reduced flow
(
Q11 = Q

D2
√
H

)
1.04 [m3s−1]

Reduced speed
(
n11 = ND√

H

)
127.1 [rpm]

Several measurements on the PM turbine have been performed (see Refs. [35–37]).
Two relevant measurements are discussed here. A velocity measurement with a two-
component LDA was conducted by Amiri et al. [36] at the inlet of the SC. The LDA
system had an 85-mm optical fiber probe from Dantec. As LDA measurements in circular
pipes are challenging because of the wall’s curvature, the local index matching box was
used to improve the signal quality. The measurements were performed along different
radii separated by 45◦. Along each radius, measurements were performed at a minimum
of 17 points. For good statistical convergence, the total sampling time was 240 s for each
measurement point, which corresponds to approximately 100,000 to 200,000 bursts at
each point. The uncertainties in the measurement were within ± 0.012 m/s of the mean
value for the axial component and ± 0.011 m/s for the tangential component.

The second experiment considered was performed by Mulu et al. [38], who measured
the radial and tangential velocities at two locations in the SC; the LDA equipment and
strategy employed in this study were similar to those of Amiri et al. [36].
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Figure 3.2: Model test rig at the VRD hydraulic machinery laboratory in Älvkarleby, Sweden.
The computational domain considered is marked with the dashed rectangle.



Chapter 4

Numerical methods

This chapter addresses the governing equations and the numerical methods used in
the CFD simulations.

4.1 Governing equations

The continuity and momentum equations for a time-dependent incompressible flow can
be written as

∂ui
∂xi

= 0 (4.1)

∂ui
∂t

+ uj
∂ui
∂xj

= −1

ρ

∂p

∂xi
+ ν∇2ui + fi (4.2a)

∇2ui =
∂2ui
∂xj∂xj

=

(
∂

∂xj

(
∂ui
∂xj

+
∂uj
∂xi
− 2

3

∂uk
∂xk

δij

))
(4.2b)

where t, x, u, ν, ρ and fi denote the time, coordinate, velocity, kinematic viscosity, density
and volume force, respectively. These equations are usually referred to as the (incom-
pressible) Navier–Stokes (NS) equations. The NS equations can be solved numerically or
analytically (exact solutions) for laminar flows; however, the flow in a hydraulic turbine
is turbulent, for which the NS equations may be solved by direct numerical simulation
(DNS) without considering any turbulence model. The whole ranges of the spatial and
temporal scales of the turbulence are resolved, which requires a very fine mesh and small
time steps. The DNS of such a flow in practical applications (for example, in a hydraulic
turbine) necessitates a large computational cost and time, which is not yet practically
possible. However, knowing the full details of the flow is not the main interest; rather,
the goal is to understand the influence of turbulence on the average flow.

The instantaneous flow can be divided into an ensemble-averaged (ūi, p̄) component
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and a fluctuating component (u′i, p
′) component:

ui = ūi + u′i (4.3a)

p = p̄+ p′ (4.3b)

The ensemble-average component is defined as

ūi = lim
x→∞

1

N

N∑
n=1

u
(n)
i (4.4)

where, each member of the ensemble u
(n)
i is regarded as an independent realization of

the flow and is introduced into the NS equations, the following averaged equations can
be deduced:

∂ūi
∂xi

= 0 (4.5)

∂ūi
∂t

+ ūj
∂ūi
∂xj

= −1

ρ

∂p̄

∂xi
+ ν

∂2ūi
∂x2

j

− ∂

∂xj

(
u′iu
′
j

)
(4.6)

The above equations are called the Reynolds-averaged Navier–Stokes (RANS) equations.
The new term, namely, u′iu

′
j, called as the Reynolds stress, is added to the NS equations

to represent the effect of turbulence. The Reynolds stress is modeled with a turbulence
model.

4.2 Turbulence modeling

Turbulence models seek to modify the original unsteady NS equations by introducing av-
eraged and fluctuating quantities, as presented in the previous section. The fluctuating
quantities act as additional stresses (Reynolds stress) in the fluid. Additional equations
of known quantities are necessary to achieve closure of the equations, and the closure
is accomplished by applying turbulence models that compute the Reynolds stress term,
u′iu
′
j. This term can be modeled based on the eddy viscosity hypothesis or a Reynolds

stress model. The eddy viscosity hypothesis assumes that the Reynolds stress can be
related to the mean velocity gradients and eddy viscosity by the gradient diffusion hy-
pothesis. The eddy viscosity, also called turbulent viscosity, must be modeled, which can
be achieved algebraically (zero-equation model) or with two-equation models .

In this study, two two-equation models, namely, the k − ε and k − ω based shear
stress transport (SST) models, were used to model turbulence. The equations solved
in the k − ω SST model can be found in [40] and also provided in Paper B. Most of
the simulations were conducted with the k − ω SST model to model turbulence, as this
model has shown satisfactory results in several hydraulic turbine studies in terms of
its robustness, stability, and accuracy [39]. The automatic wall treatment developed
by CFX R© [40], which automatically switches from wall functions to a low-Reynolds
formulation according to the local y+ value, was used for the near-wall modeling.
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In addition to using turbulence models, large eddy simulation (LES) was performed to
better understand the development of the secondary flow in the SC. No WK measurement
was conducted with LES. The governing equations for the LES were obtained by filtering
the NS equations spatially: eddies smaller than the filter width, i.e., the mesh spacing,
were filtered out, and larger eddies were resolved. Here, the wall-adapted local eddy
viscosity model (LES WALE) by Nicoud and Ducros [41] was used.

4.3 Simulation setup

All computations were carried out using commercial ANSYS R© CFX R© software (Release
16.0 and 19.1). The discretization in the software’s solver is based on an element-based
finite volume method. The spatial domain is first discretized using a mesh to construct
finite volumes. The mesh is three dimensional and is composed of hexahedral, tetrahedral,
wedge or pyramidal elements. The governing equations are integrated over each control
volume. The advection term is discretized using the high-resolution scheme developed
by CFX R© [40], which utilizes a varying blend factor from 0.0 to 1.0 based on the local
solution field, thereby shifting from a first-order to a second-order scheme.

4.3.1 Surface roughness modeling

Surface roughness was modelled by considering rough walls and imposing roughness val-
ues expressed as the equivalent sand grain roughness ks. The wall function approach still
exists, but there is a downward shift in the log velocity profile as

u+ =
1

κ
ln(y+) + 5.2−∆u+ (4.7a)

∆u+ =
1

κ
ln(1 + 0.3k+

s ) (4.7b)

k+
s =

ksuτ
ν

(4.7c)

where κ is the von Kármán constant, ∆u+ is downward shift in the velocity profile
because of the surface roughness, and uτ is the friction velocity.

4.3.2 Time descretization

The transient term was discretized using the second-order backward Euler scheme, which
is briefly described here. For a control volume, the general discrete approximation of the
transient term for the nth time step is given by

∂

∂t

∫
V

φdV ≈ V
(φ)n+ 1

2 − (φ)n−
1
2

∆t
(4.8)
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where the the superscripts n+ 1
2

and n− 1
2

are the start and end time steps, respectively,
and φ is a variable. In the second-order backward Euler scheme, the start and end time
steps values are approximated as follows:

(φ)n−
1
2 = (φ)o +

1

2
((φ)o − (φ)oo) (4.9a)

(φ)n+ 1
2 = (φ) +

1

2
((φ)− (φ)o) (4.9b)

where the superscripts o is the preceding time step solution value. Inserting Eqs. (4.9a)
and (4.9b) into Eq. (4.8), the following discretization can be obtained:

∂

∂t

∫
V

φdV ≈ V
1

∆t

(
3

2
(φ)− 2(φ)o +

1

2
(φ)oo

)
(4.10)

4.4 Computational domains

This section deals with the different computational domains for HM and PM turbines.

4.4.1 HM turbine numerical models

The computational domains of the HM turbine are shown in Figure 4.1. Four different
computational domains were considered for the HM turbine, marked as HM1 to HM4
in Figure 3.1. The domains considered in the different HM computational models are
presented in Table 4.1. FP is the full penstock model with the upstream tank and HP
refers to the half penstock model, cut somewhere in the middle of the FP model, to
exclude the effects from the upstream bend and tank; see Figure 4.1.

The flow in an SC is complex and can be influenced by the upstream geometry. For
example, the upper tank in the full model (HM1) considered in this study introduces
some large-scale unsteadiness into the SSC bend, as shown by the streamlines in Figure
4.2, which also indicates that the unsteadiness seems to affect the secondary flow behavior
in a cross-sectional plane of the SSC. This finding suggests that the sampling time during
the measurement should be long enough to statistically analyze the results.

Table 4.1: Computational models and the domains considered. FP and HP refer to the full
penstock with the upper tank and half penstock models, respectively.

Models Penstock SSC Distributor Runner Draft tube
HM1 FP X X X X
HM2 HP X X X X
HM3 FP X X × ×
HM4 HP X X × ×
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The HM1 model is the full model (Figure 4.1a), which is utilized mainly to create
the inlet boundary conditions for the other HM models. Most of the simulations were
performed using the HM2 model, i.e., the half penstock model (Figure 4.1b). All models
consisted of a penstock (either full or half) with an SSC and a distributor with 10 SVs
and 24 GVs.

Figure 4.1: Computational domains of the HM turbine, a) with Full penstock model (HM1); b)
Half penstock model (HM2)

All the domains were composed of structured hexahedral meshes created with ICEM
CFDTM software. All the domains were considered stationary except the runner, which
was rotating. The general grid interface (GGI) approach was used to connect the do-
mains; this approach treats the interface fluxes as fully implicit and fully conservative
in mass, momentum, energy, and scalars, thereby providing maximum robustness and
accuracy [42]. The GV mesh was created for a single GV passage with periodic faces,
which were multiplied and rotated to create the distributor, thereby ensuring axial sym-
metry and a 1:1 mesh connection between the interfaces of the GV passages. A similar
approach was also used for the runner but without periodic faces. The transient rotor-
stator interface model was used between the stationary and rotating parts of the turbine
(distributor – runner and runner – draft tube). The transient rotor-stator interface was
used to account for the transient effects between stationary and rotating domains. The
mesh information for the HM2 model is presented in Table 4.2. Representative meshes
are shown in Figure 4.3.

4.4.2 PM turbine numerical models

The computational domain for the PM turbine is shown in Figure 4.4. Two models were
considered: one with a penstock containing a bend and another with a straight penstock.
Hereafter, the model with the penstock containing a bend will be termed PM1, and the
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Figure 4.2: Instantaneous velocity streamlines in the full model showing the unsteady flow con-
dition. The secondary flow characteristics are also shown along the cross-sectional plane of the
SSC at θ = 30◦.

Table 4.2: Mesh information for the HM2.

Parameter Penstock
+ SSC

SV GV Runner Draft
tube

Total elements (million) 3.2 1.3 3.7 4.9 5
Min. element angle (◦) 18 23 27 18 19
Max. element aspect ratio 503 596 650 138 172
Orthogonality (min., avg.) 13, 72 27, 72 29, 69 23, 67 13, 67
y+ (avg., max.) 38, 425 6, 41 21, 57 69, 170 13, 60

straight penstock will be termed PM2. The main objective of these two models is to
study the effect of inflow conditions. Both models were also used to study transient flow
measurements. All the domains were composed of structured hexahedral meshes created
using ICEM CFDTM software. The mesh information for the penstock containing a bend
at the BEP is provided in Table 4.3. The mesh number and mesh quality in both models
were identical, except in the penstock.

As mentioned previously, an LES was conducted in the SC of the PM2 model without
distributor to better understand the development of the secondary flow structure. No
WK measurement was performed with this model; the LES results are presented in
Section 5.1.6. The mesh in this model was composed of approximately 18.5 million
hexahedral elements, which gives grid spacings in wall units, calculated from Eq. (4.11),
of ∆r+ ≈ 3.9, ∆(rβ)+ ≈ 390 and ∆θ+ ≈ 640 for a radial and circumferential coordinate
system on a cross-sectional plane and in the streamwise (circumferential of the SC)
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Figure 4.3: Overall representative meshes. a) HM model; b) distributor; c) runner

Figure 4.4: Computational domains of the PM turbine with: a) a bend penstock model (PM1),
b) a straight penstock model (PM2)

direction, respectively; r, β and θ are radial, circumferential on a cross-section plane and
streamwise (circumferential of the SC) direction, respectively; see Figure 4.5.

∆r+ =
∆r × uτ

ν
; ∆(rβ)+ =

∆(rθ)× uτ
ν

; ∆θ+ =
∆z × uτ

ν
; ∆t+ =

∆t× u2
τ

ν
(4.11)

Similarly the time step (∆t) used was 10−5 s, which gives ∆t+ ≈ 0.6 and an RMS
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Table 4.3: Mesh information for the PM1.

Parameter Penstock SC Distributor
Total elements (million) 1.4 1.8 6.4
Min. element angle (◦) 35 19 22
Max. element aspect ratio 9200 2429 416
Orthogonality (min., avg.) 35, 84 19, 65 22, 59
y+ (avg., max.) 1, 495 20, 130 19, 224

Figure 4.5: Representation of mesh used in LES

Courant number of ∼ 1. The simulation started with a scale-adaptive simulation, stress-
blended eddy simulation (SBES), for the PM2 with an extended inlet section. The
converged result of the SBES simulation was then imposed as the inlet condition in the
LES simulation, and approximately 12,000 iterations were run.

4.5 WK configurations

For the HM turbine, four WK configurations at seven different azimuthal angles of the
SSC were considered. The locations of the WK pressure taps were in accordance with the
tap locations in the measurement conducted by Lövgren et al. [21], although the exact
locations of the taps in their measurement were not available. The locations of the WK
configurations employed herein and their related pressure points are presented in Figure
4.6. Moreover, the IEC 60041 guideline was followed to locate the WK pressure points.
Here, the ∆P values for configurations WK1, WK3 and WK4 were calculated from the
difference between the outer average pressure, i.e., P657avg = (P5 + P6 + P7)/3, and
the inner pressure at P1, P3 and P4, respectively. WK2 was located at θ = 30◦, 60◦,
90◦ and 120◦, where ∆P is the pressure difference between P1 and P2. Furthermore,
WK2′ was considered at θ = 45◦, 75◦ and 105◦ where the outer pressure point is P657avg
and the inner point P2′ is located on the top wall of the SSC at the same radius as
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Figure 4.6: Representation of the SSC and layout of the WK pressure taps in the HM turbine.
(a) Top view of the SSC showing the locations of the WK cross-sections from θ = 30◦ to 120◦.
(b) WK pressure tap configurations from WK1 to WK4 and their corresponding pressure points.

P2 but in between two SVs. The WK coefficients KWK were calculated from Eq. (1.4).
The presented values of KWK for the HM is calculated as per 100 Pa (1 mbar) of ∆P to
comply with the experimental values; whereas, no such is done to calculate KWK for the
PM.

Figure 4.7 shows the instantaneous coefficient fluctuations together with the cumula-
tive average results. As previously mentioned, a long sampling time may be necessary to
statistically analyze the results. However, most of the simulations in this study were con-
ducted with half penstock models, so large fluctuations were not observed, but adequate
numbers of iterations were still needed to converge the results; the converged results were
then averaged.

For the PM turbine, four cross-sectional planes along the azimuthal direction of the
SC were considered at θ = 60◦, 75◦, 101◦, and 124◦. At each cross-sectional plane θ,
there were four WK configurations: two WK configurations in the upper half (WK1u and
WK2u) and their mirrored configurations in the lower half (WK1d and WK2d); see Figure
4.8 for more details.

4.6 Numerical uncertainties

Numerical uncertainties originate from several sources, such as numerical errors, modeling
or user errors. Numerical errors are due to the discretized equations solved by the solver
and can be reduced by increasing the mesh number or by employing smaller timesteps.
In contrast, modeling errors result from the necessity of modeling flow phenomena, such
as turbulence, by empirical models or statistical methods.

The numerical uncertainties due to discretization in this work were studied by the
grid convergence index (GCI) method, based on the Richardson extrapolation method,
proposed by Celik et al. [43]. The discretization uncertainty was quantified for the WK
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Figure 4.7: Instantaneous and cumulative average values of the WK coefficients at θ = 45◦ for
the HM1 model.

Figure 4.8: (a) Locations of the WK configurations at four cross-sections along the azimuthal
direction of the PM turbine; (b) WK pressure points and configurations.

coefficients in both the HM and the PM turbine models. The GCI method has also been
used in complex geometries such as hydraulic turbines, as in [44]. The accuracy and
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reliability of the GCI method in such engineering applications may not be as straightfor-
ward; however, this method was applied as accurately as possible. The GCI method is
briefly described here.

For a representative cell size h, given by Eq. (4.12), and considering h1 < h2 < h3,
the apparent order, p, of convergence is given by Eqs. (4.13):

h =

[
1

N

N∑
i=1

(∆Vi)

]1/3

(4.12)

where ∆Vi is the volume of the ith cell and N is the total number of cells.

p =
1

ln(r21)

∣∣∣∣ ln ∣∣ε32/ε21

∣∣+ q(p)

∣∣∣∣ (4.13a)

q(p) = ln

(
rp21 − s
rp32 − s

)
(4.13b)

s = 1.sign(ε32/ε21) (4.13c)

where, ε32 = φ3 − φ2, ε21 = φ2 − φ1, φi denotes the solution on the ith grid; r21 = h2/h1,
r32 = h3/h2. Then the approximate relative error is

e21
a =

∣∣∣∣φ1 − φ2

φ1

∣∣∣∣ (4.14)

The extrapolated relative error is given by

e21
ext =

∣∣∣∣φ12
ext − φ1

φ12
ext

∣∣∣∣ (4.15)

The fine GCI is then expressed as

GCI21
fine =

1.25e21
a

rp21 − 1
(4.16)

The discretization uncertainties at the pressure points in the HM4 are presented in
Table 4.4. The maximum uncertainties associated with the fine and medium grids at the
P1 point are 0.7% and 2.1%, respectively, corresponding to 0.09 and 0.25 kPa for the
G1 and G2 grids, respectively. For G2 and G1, the pressure values for the considered
points are closer with a maximum difference of ∼ 1% than those for G3 and G2 with
a maximum difference of ∼ 7%. Consequently, the medium grid (G2) was chosen for
this study to achieve a reasonable computational time in accordance with the available
computational resources. Moreover, grid independency tests were also performed for full
turbine model (HM1 model). Refer to Paper B and Paper C for more information.

The discretization uncertainties in the PM1 model are presented in Table 4.5. The
fine grid is chosen in this model with a maximum uncertainty of approximately 1.4%.
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Moreover, the convergence criterion on the RMS (root mean square) residual was set
to < 10−5 for both pressure and mass momentum. The simulations were kept running
until a stable solution was reached for the WK coefficients and corresponding pressure
values. Other important quantities like efficiency, head, discharge were also monitored
and found to be steady and not changing with further iterations. The steady results
presented herein were time-averaged over sufficient number of iterations; therefore, the
iterations errors are low when compared to the discretization errors. The time steps used
in the simulations utilized the expected runner blade flow passage periodicity to save on
computational time and resources. Most of the simulations for the steady-state studies
were conducted with ∆t corresponding to 1 runner passage + 5◦ of runner rotation.
In case of transient flow studies, the time step chosen was ∆α = 0.2◦/∆t, where ∆α
corresponds to the the GV rotational speed. More discussion on the time steps studies
are discussed in the appended papers.

Table 4.4: Discretization uncertainties at the pressures points located at θ = 30◦ for the HM4.
The total mesh numbers are G1 = 16.67 million, G2 = 7.20 million, and G3 = 1.9 million.
The values of r21 = 1.32 and r32 = 1.56

Parameter P1 P3 P4 P5 P6 P7

G1 (kPa) 11.85 12.31 12.59 13.45 13.43 13.52

G2 (kPa) 11.98 12.40 12.66 13.50 13.48 13.58

G3 (kPa) 12.85 13.32 13.59 14.49 14.46 14.55

G21
ext (kPa) 11.78 12.28 12.57 13.44 13.42 13.51

GCI21
fine(%) 0.7 0.3 0.2 0.1 0.1 0.1

GCI32
med(%) 2.1 1.3 0.9 0.6 0.6 0.6

Table 4.5: Discretization uncertainties in the WK coefficients in the PM1. φ1, φ2, and φ3 are
the WK coefficients obtained with G1 = 9.75, G2 = 5.45, and G3 = 2.77 million elements,
respectively. The uncertainties are calculated at θ = 101◦.

Parameter φ = KWK1u φ = KWK1d φ = KWK2u φ = KWK2d

φ1 0.0199 0.0170 0.0143 0.0127

φ2 0.0196 0.0172 0.0143 0.0125

φ3 0.0204 0.0181 0.0145 0.0128

G21
ext 0.0202 0.0168 0.0143 0.0129

GCI21
fine(%) 1.4 1.0 0.1 1.5
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4.7 Validation studies

The validation of the HM was performed by comparing the experimental results from
Lövgren et al. [21] and Nilsson et al. [34]. Figures 4.9a and b show the tangential
and radial velocities, respectively, along the vertical line through the SSC shown in
Figure 4.9c using three different grids. The CFD results are in good agreement with the
experimental results. The velocities were slightly overpredicted, but the overall behavior
was still well captured. The strong reduction in the tangential velocity towards the top
wall of the SSC was attributed to the boundary layer. The maximum discretization
errors in the tangential velocity were 6.9% in G1 and 7.1% in G2, corresponding to
0.0821 and 0.0815 m/s, respectively. For the radial velocity, the maximum error in
G1 was 11.9%, corresponding to 0.0553 m/s, whereas the maximum error in G2 was
17.7%, corresponding to 0.0598 m/s. Figures 4.10a and b show the tangential velocity
distribution obtained with CFD and the experimental results in the measurement plane
shown in Figure 4.9c. The results show acceptable agreement with the experimental
data.

Figure 4.9: Tangential (a) and radial (b) velocity profiles along a vertical line in the HM SC
with three different grids. The experimental results are from [34] and the measurement plane
marked by grids and the validation line in (c). The error bar in the experimental results is
assumed to be 1% of the value which is reasonable for LDA measurements.

Figures 4.11a and b compare the experimental and CFD results for the PM. The
tangential and radial velocities at two locations, SI and SII (shown in Figure 4.11c), were
compared with the experimental results from Mulu and Cervantes [38]. SI and SII lo-
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Figure 4.10: a) Tangential velocity contour obtained with CFD; the measurement area is rep-
resented by the enclosed dashed lines. b) Tangential velocity distribution from the experiment
conducted by Nilsson et al. [34].

cations are at θ = 56.25◦ and θ = 236.25◦, respectively. The measurements at these
locations were performed along vertical lines. Towards the lower wall (z∗ → −1), the
tangential velocity was smaller whereas the radial velocity was larger than the experi-
mental results. A larger radial velocity indicates a stronger secondary flow. However, the
magnitude of the radial velocity was small compared to that of the tangential velocity
and was subject to large variation.

4.8 Studies conducted

A systematic analysis of different factors affecting the WK method has been performed,
and the following studies have been performed:

• Effects of inflow conditions

• Effects of surface roughness

• Effects of the runner blade angle and GVOs

• Effects of runner change

• Study of secondary flow in an SC

• Study of the WK method in transient flows

• Simultaneous study of the WK and PT methods in transient flows

Table 4.6 summarizes the methods implemented in the abovementioned studies. In
each of these studies, several WK configurations and pressure tap locations were consid-
ered.



4.8. Studies conducted 35

Figure 4.11: (a) Normalized tangential velocity (U∗θ ) and (b) radial velocity (U∗r ) at the SI and
SII of SC measurement locations; the measurement locations are shown in (c). The experimental
data are from Mulu and Cervantes [38]. The dashed-dotted vertical lines represent, from left to
right, the bottom of the SC at SI, the bottom wall of the SC at SII, the lower level of the leading
edge of the SVs/ GVs, the mid-span of the GVs, and the upper level of the leading edge of the
SVs/GVs.

Table 4.6: Summary of the geometries and methods used in the studies conducted. MF: Mass
flow, TP: Total pressure, and SP: Static pressure. Water at 20 ◦C was considered as the working
fluid, with no compressibility effects. Medium turbulence, 5% intensity, was prescribed at the
inlet. Refer to the appended papers for specific details.

Study on or effects of: Test case Turbulence Model Analysis type Boundary conditions
HM turbine PM turbine Inlet Outlet

Inflow conditions HM1, HM3, HM4 PM1, PM2 k − ω SST Steady MF SP
Surface roughness HM4 - k − ε Steady MF SP
GVO HM2 - k − ω SST Transient TP SP
Runner blade angle HM2 - k − ω SST Transient TP SP
Runner change HM2 - k − ω SST Transient TP SP
Secondary flow - PM2 LES WALE Transient MF SP
WK in transient
flows

- PM1 k − ω SST Transient TP SP

WK and PT meth-
ods in transient
flows

- PM2 k − ω SST Transient TP SP
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Chapter 5

Results and discussion

This chapter summarizes the main findings of the current work. The first part presents
systematic analyses of the different factors affecting the WK method. The second part
addresses the applicability of the WK method to transient flows.

5.1 Steady flows

In this subsection, the effects of different factors affecting the WK method under steady-
state flow conditions are presented. Both the HM turbine and the PM turbine were
considered. All the WK configurations shown in Figure 4.6 for the HM turbine and Figure
4.8 for the PM turbine were considered in this study; see Table 4.6 for the numerical setup.

5.1.1 Effects of inflow conditions

The WK method is sensitive to the inflow conditions, and a small change in the inlet
conditions can change the WK coefficients. To better understand the effects of the inflow
conditions, two different inlet conditions, realistic and ideal, were studied in the HM4
model. The realistic condition was obtained by simulating the FP model (HM3) and
exporting the time-averaged velocity profile at the inlet plane of the HP model (HM4).
The realistic condition is termed the FP BC inlet and used as one of the two inlet
conditions. As the upper tank and full penstock were included to simulate the flow to
generate the inlet profile, FP BC also contains a secondary flow due to the upstream
geometry. The other inlet condition considered was ideal, which is normal/perpendicular
to the inlet and termed NI BC. NI BC does not contain any secondary flow or boundary
layer; i.e., this condition is a plug profile normal to the inlet section. These two inlet
conditions can also be considered extreme cases of changing inflow conditions and can
therefore help address the sensitivities of the WK method. Furthermore, the NI BC
inlet condition was also used to simulate a nearly nonviscous flow to study the effect
of viscosity; this condition is termed NI BC (with an Euler setup). These two inlet
boundary conditions are quite different: one is realistic (FP BC), and the other is ideal

37
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(NI BC). Therefore, high deviations in the WK coefficients are also expected compared
with the deviations expected in practice.

Figure 5.1 shows the WK coefficients with the two inlet conditions together with the
experimental results from Lövgren et al. [21]. The WK4 configuration at θ = 30◦ for
FP BC inlet is the closest to the experimental results, with an error below 2%. WK3
has the largest discrepancy (approximately 20%) with the experiment; the inner pressure
point, P3, lies in the high pressure gradient zone, and thus, a small misplacement results
in large deviations.

WK1 WK2 WK3 WK4
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Figure 5.1: WK coefficients KWK for different inlet conditions at θ = 30◦ in the HM4 turbine.
The Euler solution for the ideal inlet case is represented by NI BC inlet (Euler setup). The
experimental results are from [21].

Figure 5.2 shows that the WK coefficients are sensitive to the inlet conditions and that
this sensitivity further depends on the locations of the pressure taps. The sensitivity of
all the considered WK configurations increases steadily in the azimuthal direction of the
SSC, except for WK3. The secondary flow develops in the SSC, and the inner pressure
point (P3) for WK3 is affected by the nearby presence of the SV and shows the least
change (< 2%) when the point is located between SVs, i.e., at θ = 45◦, 75◦, and 105◦,
indicating good locations for measurement.

The relatively large discrepancies among KWK along the azimuthal direction shown
in Figure 5.2 are attributable primarily to the change in the velocity of the secondary
flow. Figure 5.3 shows the r.uθ distribution along the representative WK lines (see Figure
4.6b). As the WK formulation is based on free vortex theory, the r.uθ distribution must
be constant along the radius (r∗), i.e., having a constant-velocity moment. However,
Figure 5.3 suggests that this expectation is not fully satisfied; hence, the inlet condition
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Figure 5.2: Variation in the WK coefficients in the azimuthal direction of the SSC for the two
inlet conditions.

affects the r.uθ distribution, thus departing from free vortex theory. The rapid decrement
in the tangential velocity towards the inner pressure point (r∗ → 0) for some WKs is
associated with the presence of a strong secondary flow in this region characterized by
rapid increases in the radial and axial velocity gradients.

Free vortex theory requires a balance between the centrifugal force and the radial
pressure gradient. An imbalance between these two terms creates a secondary flow.
To better understand the effects of secondary flows, the distribution of the terms in
the radial component of the RANS equations along the lines corresponding to the WK
configurations at θ = 30◦ is presented in Paper B. In general, the magnitude of the
secondary flow is larger towards the inner walls for both inlet conditions. The effects of
turbulence and viscosity are visible near the walls, particularly towards the inner wall.
Moreover, the secondary flow magnitude increases in the azimuthal direction of the SSC,
which further depends on the inflow conditions. The sensitivity of the WK coefficient
increases in the azimuthal direction as the behavior and magnitude of the secondary flow
change (refer to Paper B for further discussion).

The effects of the inflow conditions were also studied in Porjus models PM1 and PM2.
Figure 5.4 shows the deviations in the WK coefficients obtained with these two models.
The deviation is smaller in the farther part of the SC when the inner pressure points are
placed on the top wall than when the points are located on the bottom wall.

5.1.2 Effects of roughness

The initially calibrated WK coefficient can change with time due to the wear/corrosion
of water passages. Hence, the effects of surface roughness were studied in the HM4 model
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Figure 5.3: Normalized velocity moment r.uθ along the WK lines at cross-sections θ = 30◦ and
θ = 105◦ for the ideal (NI BC) and realistic (FP BC) inlet boundary conditions showing the
closeness to free vortex theory. r.uθ is normalized with r.uθ at r∗ = 0.5. Free vortex theory
requires all the lines to be straight. r∗ = (r − ri)/(ro − ri), where ri is the radial coordinate at
the inner wall and ro is the radial coordinate at the outer wall of the SC.

considering rough walls by linearly increasing the roughness from actual measurements.
The actual surface roughness values in turbine components were measured in the VRD
laboratory by using a portable surface roughness tester (Surftest SJ-201P) from Mitutoyo.
The measurement values in terms of the arithmetic average height, Ra, are shown in Table
5.1. The roughness heights were also expressed as the equivalent sand grain roughness,
ks, in Table 5.1, calculated per the IEC 62097 recommendation, i.e., ks = 5Ra [45].
However, the actual values of ks may differ from this prediction; the study by Yuan et
al. [46] showed that the IEC recommendation overpredicts the value of ks, signifying
different losses than actually occur. Nevertheless, the current study should provide some
ideas on how surface roughness affects the WK coefficients.

Figure 5.5 shows the downward shift in the mean velocity profile (see Eq. (4.7b)) due
to different roughness values for the inner wall region of the line representing WK4 at
θ = 30◦. The RANS approach to model rough walls is computationally affordable for
industrial applications and has shown acceptable agreement in predicting the total shear
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Figure 5.4: Deviations in the WK coefficients at BEP between PM1 and PM2 models indicating
the effects of the inflow conditions.

Table 5.1: Values of the average roughness, Ra, from measurements and the equivalent sand
grain roughness ks, where ks is calculated according to the IEC 62097 recommendation (ks =
5Ra) [45].

Turbine part Roughness
Ra (microns)

Sand grain rough-
ness ks (microns)

SC 0.952 4.760
GVs 0.799 3.995
SVs 1.445 7.225
Top and bottom cover
walls of the distributor

0.952 4.760

stress but may not predict the flow reversal under adverse pressure gradients [47].

The surface roughness effects were studied by linearly increasing the values of ks from
the actual measurement values to 280 times of the measurements. This increase corre-
sponds to a maximum Ra of 404 microns on the SVs, 224 microns on the GVs, and 267
microns in the SC and on the top and bottom walls of the distributor. This range should
cover the roughness from hydraulically smooth to completely rough regimes. Figure 5.6
shows the deviations in the WK coefficient from that of the smooth wall at θ = 30◦. The
results are presented over a whole roughness range. In general, an underprediction of
approximately 2% of the discharge occurs when ks reaches approximately 230 microns or
when Ra reaches 46 microns.
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Figure 5.5: Velocity profile in the inner region of the line P47 (WK4) at θ = 30◦. The downward
shift in the velocity is due to differences in the imposed wall roughness.

k
s

k
s

WK3 WK4

Figure 5.6: Surface roughness effect on the WK coefficients. The results are normalized by the
values obtained for smooth walls. The red and blue circles correspond to the smooth wall and
actual roughness wall, respectively.

5.1.3 Effects of propeller configurations

The WK method is used to determine the on-cam curve, i.e., the proper relationship
between the runner blade angle and GVA, for double-regulated machines to achieve the
highest performance of the machine. The WK coefficient is considered constant during
such measurements; hence, a change in the coefficient will impact the optimal conditions.
Paper D discusses the effects of GVOs on the WK method. Here, six different GVOs for
a constant runner blade angle, i.e., 6 points on a propeller curve, were investigated in
the HM2 model. The GVO, αGVO, is presented as a percentage, where 100% refers to
the opening angle at the BEP. The GVOs with the corresponding Q, H and efficiency
difference relative to that at the BEP are shown in Table 5.2.

One way to determine whether the GVO affects the WK method is to study the radial
flow distribution around the distributor. The dependence of the radial flow distribution
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Table 5.2: Operating conditions used in the numerical investigation

αGVO Q H ηh − ηhBEP
(%) (m3/s) (m) (%)
66 0.416 4.37 -20.88
83 0.474 4.36 -9.18
90 0.496 4.37 -5.09
97 0.516 4.37 -0.3
100 0.525 4.37 0.00
103 0.532 4.37 -0.04
117 0.552 4.37 -0.06

on the GVO indicates that the flow distribution also changes in the SSC; therefore, a
change in KWK can also be expected. Figure 5.7 shows the normalized radial flow through
each GV sector. The flow through each sector was obtained at the area between two GVs
(approximately halfway between the leading and trailing edge of the GVs). Ideally, all the

Figure 5.7: Radial flow normalized by the ideal distribution (axisymmetric flow condition)
through the GV channels showing the flow distribution in each GV sector.

lines shown in Figure 5.7 should overlap with a value of 1, as the flow is normalized by an
ideal flow distribution that assumes an even distribution among the sectors (axisymmetric
flow condition). However, the flow distribution changes with the GVO. More flow passes
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through the upstream sectors (16 through 22) as the GVO increases, except at sector 19,
where an SV is present. The maximum overflow, approximately 5% above the average
overflow, is observed for αGVO = 117%. These results closely follow those of Nicolle and
Proulx [15].

Figure 5.8 shows the deviation between the coefficient KWK obtained at the BEP and
those obtained at other GVOs on the HM. This figure also shows the maximum deviations
in the coefficients from polynomial-fitted values for a propeller curve at θ = 30◦ during
an experimental campaign [21]. The deviations shown in the figure can be interpreted
as a measure of the accuracy of the on-cam calibration using a constant coefficient.
The magnitude of the deviation depends on the WK configurations and their azimuthal
locations in the SSC. WK3 is one of the most stable configurations.

Figure 5.8: Deviations in the WK coefficient, KWK, obtained at different GVOs from that
obtained at the BEP. Deviations larger than the scale (± 2%) are not shown. The error bar,
denoted by εexp, refers to the maximum range of deviation (vertical line of the error bar) of
the coefficients obtained from a polynomial fitted to experimental values for a propeller curve at
θ = 30◦ during an experimental campaign [21]. The horizontal line of the error bar represents
the GVO range during the experiment.

The effects of the GVO on the PM were smaller than those on the HM. For the PM
turbine, the WK1u configuration, i.e., in which the inner pressure point is placed on the
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top wall at θ = 60◦ and θ = 124◦, showed deviations below 1% in the whole range of
GVOs considered: WK1u showed the minimum deviation (< 0.5%) at θ = 124◦.

Turbines are sensitive to cam operations, so even a one-degree offset of the GV can lead
to different efficiency values; for example, Petterson et al. [48] reported an efficiency drop
of 1.6% in a model test for a one-degree offset of the GV. Adamkowski and Lewandowski
[49] also showed that a theoretical value of n = 0.5 in extreme cases cannot reproduce
the measured value and leads to efficiency loss.

The flow condition in the SSC changes with different GVOs. The WK coefficients
with larger deviations were found to be associated with the regions prone to vortices and
a larger secondary flow magnitude. The flow along the inner side of the SSC is prone
to separation and pressure fluctuations and resembles the flow in a bent pipe [50, 51].
Figure 5.9a shows the normalized pressure distribution obtained using Eq. (5.1) along
line P47 (WK4) for four GVOs. Furthermore, Figure 5.9b shows the cross-sectional view
for αGVO = 66% with the normalized pressure contour and velocity vectors, exhibiting an
adverse radial pressure gradient for WK4 with secondary flow recirculation, also marked
in the figures.

p∗ =
p− Pinlet
1/2ρU2

b

(5.1)

where Pinlet, p and Ub are the total pressure at the inlet, the average static pressure, and
the bulk velocity (Q/Ain) at the penstock inlet, respectively, for each case.

Line P47

Adverse radial pressure gradient zone

Figure 5.9: Pressure distribution and corresponding secondary flow structure for WK4 at θ =
30◦. (a) Normalized pressure distribution obtained using Eq. (5.1) along line P47 for four
GVOs, where 100% corresponds to the αGVO at the BEP. (b) Cross-sectional view for αGVO =
66% showing the normalized pressure contour and the velocity vectors.

Likewise, the effects of two different runner blade angles on the WK method were
studied. The runner blade angle at the BEP and the 5◦ closed position to the BEP were
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considered. For both cases, the GVA was kept constant. A representation of these two
configurations is shown in Figure 5.10. The two operating conditions featured a discharge
of 0.523 m3/s for the BEP and 0.425 m3/s for the BEP-5◦. The flow distribution and
thus the WK coefficient were altered mainly in the farther part of the SSC, i.e., at higher
θ (see Figure 5.11). Therefore, it would be better to place WK pressure taps at the
beginning of the SSC. This study showed a correlation between regions with a strong

Figure 5.10: Propeller configurations for a change in the runner blade angle.

30 45 60 75 90 105 120

WK circumferential locations,  (°)

0

1

2

3

4

A
b
s
o
lu

te
 d

e
v
ia

ti
o
n
 (

%
)

K
WK1

K
WK2

K
WK3

K
WK4

Figure 5.11: Absolute deviation of KWK at the BEP-5◦ runner blade position relative to that
at the BEP.
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secondary flow and those with a maximum WK coefficient sensitivity at various GVOs
and runner blade angles. The magnitude of the secondary flow together with the flow
structure explains the changes in the WK coefficient. The WK3 configuration was found
to be the least affected by the secondary flow, i.e., the least sensitive to different propeller
configurations. Further discussion is provided in Paper C.

5.1.4 Effects of runner change

Runner change is an attractive measure to improve the efficiency and overall performance
of an old turbine. During the refurbishment of a runner, the WK coefficients are normally
determined for the old runner, and the same coefficients are then used for the new runner.
However, there is no guarantee that the WK coefficients are identical for both runners,
and if the coefficients differ, the estimated efficiency improvement can deviate from the
actual improvement. Here, an analysis of the effects of runner change was conducted
with two different runners in the HM2 model. The first runner is the original runner of
the HM turbine, termed the T99 runner. The new runner geometry used in the Lövgren
et al. [21] measurement was not available, so the second runner considered was the PM
runner, termed the U9 runner hereafter, and the U9 runner has the same diameter as the
T99 runner. All components except the runner were identical during the simulations. For
both runner cases, the head was kept constant during the simulations. The rotational
speed (N) of the U9 runner was adjusted to match the specific speed nq of the T99
runner, here nq = 142.77.

Figure 5.12 shows the deviations in the WK coefficients with the two runners. The
maximum deviations observed were small (0.7%) between the two runners, i.e., lower
than the uncertainty range of the WK method. However, the inconsistent deviations
observed with different configurations and locations suggest that the runner affects the
flow distribution in the SSC and thus the WK coefficients. The effects of the runner on
the upstream flow conditions are studied in the subsequent sections.

Figure 5.13 shows the T99 and U9 runners with different points and planes marked to
study the effect of the runner on the upstream flow conditions. The normalized velocity
difference, ∆nv, was used to study the flow field between the two cases:

∆nv =
UT99

Um T99

− UU9

Um U9

(5.2)

where U and Um are the velocity (time-averaged) and mean velocity on a plane, respec-
tively, for the cases denoted by the subscripts.

Figures 5.14a and b show the distributions of ∆nv on the planes located above the
runner (PR plane) and at the mid-span of the GVs (PGV plane), respectively. The effect
of the runner is observed on the PR plane, while the effect decreases further upstream.
On the PR plane, the magnitude of ∆nv depends on the radial location, and the maximum
difference (∼ 30%) is observed towards the runner hub because the U9 runner blades are
longer closer to the hub region, and thus, the PR plane is closer to the blades in the
U9 runner than in the T99 runner (see Figure 5.13). The instantaneous velocity field
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Figure 5.12: Deviations in the WK coefficients between the two runner cases.

Figure 5.13: Locations of the planes and monitored pressure points with the a) T99 runner and
b) U9 runner.

on the PR plane shows unique runner signatures, reflecting the effects of the five T99
blades and the six U9 blades (not presented herein). On the PGV plane, the effects of the
runners are not obvious. The difference is almost zero at the outer radius but increases
towards the hub, where the flow accelerates towards the runner and thus has a larger
magnitude. Differences can also be detected in the wake zones of the GVs and SVs.
Moreover, abrupt flow changes lead to inconsistent deviations in the WK coefficients in
some regions of the SSC (see Figure 5.12) along the θ direction. The regions prone to
flow separation and large velocity gradients were correlated with the WK coefficients
displaying larger deviations. See Paper E for further discussion.
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nv
(-)

nv
(-)a) b)

Figure 5.14: Normalized velocity difference, ∆nv, between the two cases a) on the PR plane and
b) on the PGV plane.

5.1.5 Effects of the pressure tap locations

As discussed above, the WK coefficient is sensitive to the locations of the pressure taps
and their combinations. Furthermore, a small change in the pressure tap during its re-
location, if necessary, can have a large impact on the initially calibrated WK coefficient.
Such a scenario can occur during the refurbishment of the SC (or either in the measure-
ment of an identical unit or applying the model test results to the prototype). Figure 5.15
shows the circumferential and radial dependencies of the WK coefficients on the location
of point P3 in the WK3 configuration for the two runner cases presented in section 5.1.4.
The deviation was calculated from the original location of P3, i.e., for r∗ = 0 and θ∗ = 0◦.
The deviation is larger if the tap is misplaced radially than if it is misplaced circumfer-
entially, as the pressure gradient is larger radially than circumferentially. The nearby
presence of SVs was also observed to affect the pressure gradient in the circumferential
direction. Furthermore, the relative deviation between the two runner cases is negligible,
as the results are almost overlapped in the Figure 5.15. Further discussion can be found
in Paper E.

5.1.6 Secondary flow development in the SC

The nature of the secondary flows reflected by the vorticity and velocity streamlines on
the cross-sections along the SC is presented in Figure 5.16. The results are derived from
an LES of the PM with a straight inlet, i.e. PM2. The figures exhibit the cross-sections
from the beginning of the SC (θ = 0◦) to the midway point of the SC (θ = 180◦); this
range of θ is where the WK taps are usually located. Overall, the vorticity magnitude
increases at least until θ = 120◦ and then diminishes. The streamlines also show similar
behavior; however, the flow is not exactly symmetric between the upper and lower halves,
and twin Dean vortices are not observed, as they are usually observed in curved pipes. At
θ = 0◦, the vorticity is minimal, except in the boundary layer, and the in-plane vortices
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Figure 5.15: Circumferential and radial dependencies of the WK coefficients on the location
of P3 in the WK3 configuration at θ = 30◦ and θ = 45◦. The deviations are calculated about
the original location of point P3, i.e., r∗ = 0 for the radial dependence and θ∗ = 0◦ for the
circumferential dependence.

are also not significant. In-plane vortices start to form at approximately θ = 60◦. A
vortex also appears on the θ = 90◦ plane adjacent to the bottom side of the inner wall,
where the pressure point P2d (WK2d) is located. This result can help to better locate
the WK pressure taps to avoid these vortex-prone regions, for example, at θ = 60◦ or
θ = 120◦, when the inner pressure point is located on the top wall.

5.2 Transient flows

The first part of this section presents analyses of the WK method in transient flows with
the PM1 model. The second part presents simultaneous evaluations of the WK method
and the PT (Gibson) method using the PM2 model.

5.2.1 WK in transient flows

The WK method was studied in both accelerating and decelerating flows, which were
obtained by linearly opening and closing the GVs, respectively. These transient cases can
be considered representative of a rapid ramp-up and rapid shutdown scenario. As the inlet
pressure was kept constant during the simulations, the movement (rotation) of the GVs
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Figure 5.16: Snapshots of the vorticity and velocity streamlines on the cross-sectional planes of
the SC from LES.

resulted in transient flows, mimicking realistic scenarios of transient events in an axial
turbine. The mesh deformation technique was used to rotate the GVs. The mesh motion
model used is based on the displacement diffusion equation, given by ∇ · (Γdisp∇δ) = 0,
where Γdisp is the mesh stiffness and δ is the displacement relative to the previous mesh
locations [40]. The transient cases are summarized in Table 5.3.

Table 5.3: Transient cases.

Case αinitial (◦) αfinal (◦) Ramp time (s)
Acceleration (opening of GVs) 2 26.5 2.77
Deceleration (closing of GVs) 26.5 2 2.77
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Figures 5.17 a and b show the variations in the flow rate over time during acceleration
and deceleration, respectively. In addition to the transient variation, the steady flow
rates obtained at stationary GV positions are also presented. Deviations are observed
(maximum of ∼ 8%) between the steady and transient flow rates at a certain GVA. The
flow shows some delays in reaching its corresponding steady-state value for a given GVA
during the transients; the reason for this delay is attributed to the inertia of the fluid.
The behavior of the flow during transients is influenced by both inertia and turbulence
dynamics and can be different from its quasi-steady behavior [27, 30].
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Figure 5.17: Flow rate variations over time showing the transient flow rate, Qt, during (a)
acceleration and (b) deceleration. Qs is the steady flow rate obtained from the simulations at a
stationary GVA (α).

The transient flow rates show a quasi-linear relationship with the opening of GVs in
Figure 5.17. Therefore, it is interesting to evaluate whether the variation in the GVO
is enough to predict the flow rate during transients. Figure 5.18 shows the deviation
between the flow rates and GVOs, where the deviation is calculated as

Dev (%) = 100×
(

Q

QBEP

− α

αBEP

)
(5.3)

The steady flow rate is within 3.5%, whereas the transient flow rates show a larger
deviation (∼ 8% ) in both the accelerating and decelerating cases. This suggests that the
estimation of the transient flow rate based only on the GVO can induce a larger error
than the estimation of the steady flow rate.

Figure 5.19 shows the deviations in the transient flow rate using the WK method and
the actual flow rate (QCFD). The deviation is calculated as

Dev (%) = 100×
(
QWK −QCFD

QCFD

)
(5.4)
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Figure 5.18: Deviations calculated from Eq. (5.3) between the flow rates (transient and steady)
and the GVO.

where QWK is calculated as:

QWK = KWK BEP ×
√

∆Pt) (5.5)

where KWK BEP is the coefficient calculated at the BEP flow rate and ∆Pt is the instanta-
neous pressure difference for the corresponding WK coefficients. The minimum deviation
in the flow rate is obtained with the WK2d configuration, with maximum deviations of
7.3% and 3.5% for the accelerating and decelerating flows, respectively. These deviations
are lower than those estimated by the GVO approach, suggesting a better accuracy and
potential use of the WK method in transient flow measurements.

The forces acting on the fluid under transient and steady conditions are analyzed using
the unsteady RANS (URANS) equation in radial coordinates. The URANS equation can
be written in differential form as

ρ
∂ūr
∂t

+
∂P̄

∂r
− ρūθ

2

r
+ ρ

[
ūz
∂ūr
∂z

+ ūr
∂ūr
∂r

+
ūθ
r

∂ūr
∂θ

]
−µ
[
∇2ūr −

ūr
r2

+
2

r2

∂ūθ
∂θ
− Tt

]
= 0

(5.6)

where ∇2 is the Laplacian operator and Tt is the turbulence term. The following terms
and notions were used:

Radial pressure gradient (RPG): ∂P̄
∂r

;
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Figure 5.19: Deviations in the instantaneous flow rate using the WK method and the actual
transient flow rate obtained from the simulation with the WK configuration at θ = 101◦ at some
time instances. (a) Acceleration; (b) deceleration.

Centrifugal force (CF): ρ ūθ
2

r
;

Spatial inertial force (SIF): ρ
[
ūz

∂ūr
∂z

+ ūr
∂ūr
∂r

+ ūθ
r
∂ūr
∂θ

]
;

Temporal inertial force (TIF): ρ∂ūr
∂t

;

Turbulence and viscous (TV) term: −Tt − µ
[
∇2ūr − ūr

r2
+ 2

r2
∂ūθ
∂θ

]
.

Figure 5.20 shows the variations in the terms of the radial URANS equation in normal-
ized form for steady (a-c), decelerating (d,e) and accelerating (f,g) flows. The magnitudes
of the terms (denoted by M∗) are scaled by the maximum value of the RPG term for
a given α under steady flow. During steady-state operation, the distributions of the
terms are almost preserved, but the magnitudes of the terms decrease with α. Under a
decelerating flow, the distributions of the terms are still fairly preserved, at least in the
early part of the deceleration, but at td = 2.09 s, the distributions show large changes.
The SIF magnitude increases, and the TIF term also becomes significant during decel-
eration. During acceleration, the values of RPG and CF are largely balanced, and the
flow is also more symmetric between the upper and lower halves of the SC cross-section
than in the case of a decelerating flow. The magnitudes of the SIF, TIF, and TV terms
are smaller and change significantly compared to the corresponding steady values. The
study conducted by Seddighi et al. [30] in a turbulent channel also demonstrated similar
behavior. The flow and turbulence quantities deviate significantly from the correspond-
ing quasi-steady values in the case of the ramp-up flow and much less in the ramp-down
flow. This behavior was attributed to the response of turbulence in transient flows.

Moreover, the variations in the pressure gradients during transients are associated
with the behaviors of the WK coefficients in transients. Figure 5.20 indicates that
the pressure gradients along the lines are balanced by—in addition to the centrifugal
force—the temporal and spatial inertial forces and turbulence term. These terms con-
tribute to maintaining the distributions of the forces, and therefore, the WK coefficients
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show smaller deviations during deceleration. This means that the development processes
of the temporal force, secondary flow, and turbulence are important factors for stabilizing
the WK coefficient during transients. See Paper F for further discussion.

Figure 5.20: Variations in the different terms at WK2d for steady (a–c), decelerating (d and
e) and accelerating (f and g) flows. RPG: radial pressure gradient, CF: centrifugal force, SIF:
spatial inertial force, TIF: temporal inertial force, VT: viscous and turbulence term.
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5.2.2 Use of the WK and PT methods in transient flows

Another possible method for conducting transient flow measurements in hydraulic tur-
bines is the PT (Gibson) method, which relates the force due to a change in the pressure
difference between two cross-sections to the deceleration (or acceleration) of the mass of
the water between those sections. The PT method is accepted by the IEC 60041 code for
measuring steady-state discharge. The discharge in the PT method can be calculated as

Q =
A

ρL

∫ t

0

(∆P + ∆Pf ) dt+ q (5.7)

where A, L, ∆P , ∆Pf and q are the cross-sectional area, the length between measurement
cross-sections, the measured differential pressure, the modeled pressure losses due to
friction and the leakage flow, respectively. The PT method produces accurate results; for
example, a study conducted under controlled laboratory and full-scale conditions showed
a discharge error below ± 1% compared to an accurate reference [12, 52].

The PT method can also measure transient flow rates, as this approach employs
pressure sensors. The present study simultaneously explored the possibility of using
the WK and PT methods in a decelerating flow. The PM2 model (with a straight
penstock) was used, and the decelerating flow was achieved by rotating the GVs during
the simulation. Figure 5.21 shows the PM2 model with the PT measurement sections
and the distances between them.

Figure 5.21: PT measurement point locations, considered sections, and their distances.

The flow rates estimated with the WK and PT methods together with the CFD flow
rates are shown in Figure 5.22a. The transient flow rate obtained with the WK method
is calculated following Eq. (5.5). The WK result is shown for WK1d at θ = 101◦, as this
configuration showed better results than the other configurations. The transient flow
rate obtained with the PT method is calculated according to Eq. (5.7) using the ∆P
between P1 and P3 sections. The losses in Eq. (5.7) are based on the unsteady friction
model (see Jonsson et al. [52] for more information). Both methods show good transient
flow rate estimates. Figure 5.22b shows the deviations between the WK and PT methods
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and the CFD flow rate, i.e., the actual flow rate. The deviation is calculated as

Dev (%) = 100×
(
QWK or PT −QCFD

QCFD

)
(5.8)

Both methods show the possibility of measuring transient flow. The PT method predicts
the transient flow rate with a deviation within 0.4%, whereas the WK shows a maximum
deviation of approximately 1.1% during a transient event. However, both methods show
larger deviations after a transient, requiring an appropriate postprocessing scheme or
proper judgment of the results during measurements.
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Figure 5.22: a) Transient flow rates estimated using the PT and WK methods compared to the
actual CFD flow rate; b) deviations in the flow rates between each method and the CFD flow
rate.
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Chapter 6

Conclusions and future work

6.1 Conclusions

The sensitivity of the Winter-Kennedy (WK) method to several factors was systemat-
ically studied through numerical simulations. Two axial model turbines were used: a
Hölleforsen model (HM) turbine equipped with a semi-spiral casing (SSC) and a Porjus
U9 model (PM) turbine equipped with a full spiral casing (SC). Additionally, the possibil-
ity of using the WK method in transient flows was studied. This thesis further discussed
the flow physics behind the stability (or instability) of the WK method in steady and
transient flows. The following subsections present the main conclusions.

6.1.1 Steady flows

It was shown that all the factors considered in this study affect the WK method. However,
the level of sensitivity depends on the locations of the WK pressure taps and their
configurations. In most cases, the deviation in the coefficient increased in the azimuthal
(circumferential, θ) direction of the SC. Larger deviations were observed in regions prone
to flow separation, vortex zones, effects from stay vanes (SVs), and secondary flow.
Furthermore, the behavior of the secondary flow was dependent on the casing geometry,
the inflow conditions (Paper B), and the downstream geometrical conditions, namely, the
runner blade angle (Paper C), guide vane opening (GVO) (Paper D), and runner type
(Paper E).

As the formulation of the WK method stems from simple radial equilibrium, i.e.,
free vortex flow, the radial pressure gradient and centrifugal force should be balanced.
However, the current study showed that this theory is not fully respected and that an
imbalance between these two forces creates a secondary flow. One of the most stable
WK configurations found in this study was the WK3 configuration, i.e., when the inner
pressure point is located on the top wall outside of the SVs on a flow line passing midway
between two adjacent SVs. The IEC 60041 code also recommends such configuration.
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Figure 6.1: Graphical representation of the deviations (%) shown by the most stable WK con-
figuration, i.e., WK3.

This configuration was less affected by all the factors considered in this study. Figure
6.1 graphically shows the deviations in the WK coefficient for the WK3 configuration.

The effects of the GVO and inflow conditions were also studied in the PM turbine.
The WK configurations showed smaller deviations in the WK coefficient in the farther
part of the SC. The effects of the GVO on the PM were smaller than those on the HM.
The WK1u configuration, i.e., in which the inner pressure point is placed on the top
wall at θ = 60◦ and θ = 124◦, showed deviations below 1% in the whole range of GVOs
considered: WK1u showed the minimum deviation (< 0.5%) at θ = 124◦. Furthermore,
the WK1u and WK2u configurations at θ = 124◦ also exhibited small deviations under
different inflow conditions. However, the locations of the WK pressure taps should be
chosen cautiously to maximize their usefulness, and judgment must be exercised when
assessing the sensitivity of the method.

6.1.2 Transient flows

The WK method showed promising results in transient flows, demonstrating that the
transient flow rate in a transient event (deviations within ∼ 7.5% and 3.5% for accel-
erating and decelerating flows, respectively) can be estimated in the model with a bent
penstock (PM1) by using the WK coefficients obtained under BEP (steady-state) flow
conditions. The deviation is even smaller (1.1%) in the case of the model with a straight
penstock (PM2) in a decelerating flow. Furthermore, the WK method was compared
with the pressure-time (PT) method, revealing that both methods have the potential
to be used in transient flow measurements. The measurement depends, of course, on
the availability of pressure taps. The WK method may outperform the PT method in
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the case of a bent penstock, as the PT method could not predict the transient flow rate
accurately in the present study. Moreover, the WK method showed a better performance
in estimating the transient flow rates than using the flow rate estimation approach under
the opening of GVs.

6.2 Future work

The findings presented in the thesis should provide valuable information for the hy-
dropower industry to increase the accuracy of discharge measurements using the WK
method. Nevertheless, further research can be further performed to generalize the re-
sults. For example, the results for an SSC could be generalized by conducting simulations
in other types of SSC designs and with different types of cross-sections. This generaliza-
tion can be further strengthened by performing experiments; however, such experiments
could be expensive.

One way to minimize the deviations in the WK coefficients could be to treat the coef-
ficient as a variable instead of an assumed constant. Another way could be to systemat-
ically study the nature of secondary flows and to quantify and incorporate the effects of
secondary flows when estimating the WK coefficient. However, both approaches question
the basis of the WK formulation.

The effect of scaling up the model to a prototype, was not addressed in this thesis.
For such simulations, a full turbine model would be necessary for both the model turbine
and the turbine prototype. The effects of scaling up the model (following the guidelines
provided in IEC 62097) may be compared with the results from the simulations. Fur-
thermore, viscous losses should be captured accurately, requiring the boundary layer to
be fully resolved; this might also require scaled resolved simulations (e.g., LES).

The WK method shows promising results in transient flow rate measurements. A test
rig equipped with the PM turbine is being built at the Vattenfall R&D (VRD) laboratory,
and the measurements are expected to give some concrete results that are hopefully in
accordance with the results achieved in this thesis, enabling the use of the WK method
in transient flow rate measurements.
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Chapter 7

Division of work

In part II of this thesis, six papers, the outcomes of this PhD research over the last
four years (2016–2020), are appended. Two of them were presented at conferences and
appeared as proceedings (Paper A and Paper C), while four were published as journal
articles (Paper B and Papers D-F). The work presented in this thesis is based on these
papers. The main supervisor for the project is Michel J. Cervantes (MC). Chirag Trivedi
(CT), Jonathan Nicolle (JN) and Bhupendra K. Gandhi (BG) are co-supervisors.

7.1 Summary of appended papers

Paper A: B. Baidar, J. Nicolle, C. Trivedi and M. J. Cervantes, Winter-Kennedy method
in hydraulic discharge measurement: problems and challenges, 11th International Con-
ference on Hydraulic Efficiency Measurement (IGHEM), 2016, Linz.

BB performed the literature review and wrote the original manuscript; MC, JN and CT
commented, wrote-reviewed and edited the paper.

Paper B: B. Baidar, J. Nicolle, C. Trivedi and M. J. Cervantes, Numerical study of the
Winter-Kennedy method—A sensitivity analysis, ASME J. Fluids Eng., 2018, vol. 140,
p.051103. https://doi.org/10.1115/1.4038662

BB performed the numerical simulation under the supervision of MC and wrote the orig-
inal manuscript; MC, JN and CT commented, wrote-reviewed and edited the paper.

Paper C: B. Baidar, J. Nicolle, B.K. Gandhi and M. J. Cervantes, Sensitivity of the
Winter-Kennedy method to inlet and runner blade angle change on a Kaplan turbine,
IOP Conference Series: Earth and Environmental Science, IOP Publishing: Bristol, UK,
2019, vol. 240, p. 022038. https://doi.org/10.1088/1755-1315/240/2/022038

BB performed the numerical simulation under the supervision of MC and wrote the orig-
inal manuscript; MC, JN and BG commented, wrote-reviewed and edited the paper.
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Paper D: B. Baidar, J. Nicolle, B.K. Gandhi and M. J. Cervantes, Sensitivity of the
Winter-Kennedy method to different guide vane openings on an axial machine, Flow
Meas. Instrum., 2019, vol. 68, p.101585. https://doi.org/10.1016/j.flowmeasinst.2019.101585.

BB performed the numerical simulation under the supervision of MC and wrote the orig-
inal manuscript; MC, JN and BG commented, wrote-reviewed and edited the paper.

Paper E: B. Baidar, J. Nicolle, B.K. Gandhi and M. J. Cervantes, Effects of runner
change on the Winter-Kennedy flow measurement method—A numerical study, Renew.
Energy, 2020, vol. 153, pp. 975–984. https://doi.org/10.1016/j.renene.2020.02.055

BB performed the numerical simulation under the supervision of MC and wrote the orig-
inal manuscript; MC, JN and BG commented, wrote-reviewed and edited the paper.

Paper F: B. Baidar, J. Nicolle, B.K. Gandhi and M. J. Cervantes, Numerical study of
the Winter–Kennedy flow measurement method in transient flows, Energies, 2020, vol.
13, p. 1310. https://doi.org/10.3390/en13061310

BB performed the numerical simulation under the supervision of MC and wrote the orig-
inal manuscript; MC, JN and BG commented, wrote-reviewed and edited the paper.
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A. Moser, O. Dahlhaug and S. Heidenreich, Hydropower Providing Flexibility
for a Renewable Energy System: Three European Energy Scenarios, A Hy-
droFlex report, Trondheim: HydroFlex, 2018.

[5] C. Trivedi, B. K. Gandhi and M. J. Cervantes, Effect of transients on Francis
turbine runner life: a review, J. Hydraul. Res., 51(2), pp. 121–132, 2013.

[6] International Energy Agency, Technology Roadmap – Hydropower,
OECD/IEA, Paris, 2012.

[7] International Energy Agency, Renewal and Upgrading of hydropower plants,
IEA Hydro Technical Report, 2016.

[8] H. Brekke, Hydraulic Turbines: Design, Erection and Operation, The Norwe-
gian University of Science and Technology NTNU, 2001.

[9] International Electrotechnical Commission, International standard, IEC
60041:1991, Field acceptance tests to determine the hydraulic performance of
hydraulic turbines, storage pumps and pump turbines, Geneva, Switzerland,
1991.

[10] International Electrotechnical Commission, International standard, IEC
60193:1999, Hydraulic turbines, storage pumps and pump-turbines-Model ac-
ceptance tests, Geneva, Switzerland, 1999.

65



66 References

[11] S. Saemi, M. Raisee, M. J. Cervantes and A. Nourbakhsh, Numerical investiga-
tion of the pressure-time Method considering pipe with variable cross section,
J. Fluids Eng., 140, p. 101401, 2018.

[12] P. Jonsson and M. Cervantes, Development of the pressure-time method as a
relative and absolute method for low-head hydraulic machines, in Hydro 2013:
Int. Conf. and Exh.: Promoting the Versatile Role of Hydro 07/10/2013–
09/10/2013, Innsbruck, 2013.

[13] A. W. Charles, J. W. Taylor and J. T. Walsh, Koontenay canal flow rate mea-
surement comparison test using intake methods, in HydroVision, California,
2011.

[14] V. Kercan, V. Djelic, T. Rus and V. Vujanic, Experience with Kaplan turbine
efficiency measurements—Current meters and/or index test flow measurement,
in Int. Group for Hydraul. Eff. Meas. Conf. (IGHEM), Montreal, 1996.

[15] J. Nicolle and G. Proulx, A new method for continuous efficiency measurement
for hydraulic turbines, in Int. Group for Hydraul. Eff. Meas. Conf. (IGHEM),
Roorkee, India, 2010.

[16] I. A. Winter and A. M. Kennedy, Improved type of flow meter for hydraulic
turbines, American Society of Civil Engineers, Proceedings, 59(4), 1933.

[17] L. H. Sheldon, New calibration equation for the Winter Kennedy piezometer
system, in Hydro Review, 32(8), 2013.

[18] H. Isaksson, M. Sendelius and M. J. Cervantes, Cam curve in Kaplan turbine,
a sensitivity analysis, UPB Scientific Bull., Ser. D, 78(3), pp. 185–192, 2016.
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Winter-Kennedy method in hydraulic discharge

measurement: problems and challenges

Binaya Baidar, Jonthan Nicolle, Chirag Trivedi and Michel J. Cervantes

Abstract

The Winter Kennedy (WK) method is a popular way to measure the relative discharge
and thus efficiency in Swedish hydropower plants. This is largely motivated by the nu-
merous low head turbines and low cost of the method. The WK method is an index
testing method that provides relative values of discharge by measuring differential pres-
sures in one or two pairs of pressure taps in radial planes of the spiral casing. The method
is described in IEC 60041 standard. Despite several limitations, it is generally used to
verify the increment in efficiency for refurbishment projects and sometimes for the con-
tinuous flow rate monitoring. Uncertainties in the results reaching up to 5% have been
reported in different studies. Those are often attributed to a change in flow conditions
after the refurbishment or in the course of time. However, a proper error analysis has
not been performed yet. This paper includes a review of the available literature related
to the topic to understand its problems and possible ways to investigate its limitations
systematically.

1 Introduction

Discharge is the most difficult hydrodynamic parameter to assess during turbine efficiency
measurement in hydropower. The knowledge of efficiency and performance are necessary
for knowing the operating hill chart, fulfilling guarantees, optimizing operation [1] and
moreover to confirm efficiency gain after upgrading the old plant. Swedish hydropower
plants were mostly built during 1950-70s and are now undergoing major refurbishments.
The number of refurbishment projects has increased due to the European Renewable
Directive 2009/28/EC. The incentives for those have been further stimulated by the
introduction of electric certificate system from the beginning of May 2003 and the joint
Swedish-Norwegian market for electricity certificate from January 2012 [2].The main
purpose of this system is to increase the renewable energy production by 26.4 TWh in
both countries by 2020 by investing in renewable energy and upgrading the old plants.

As hydropower in Sweden occupies around 41% of total electricity generation (149
TWh in 2013) [2], the electricity certificate system clearly states that hydropower re-
furbishments are one of the major drivers to renewable electricity. The major hydro-
mechanical components during refurbishments are the replacement of runner, flow im-
provements and sealing of wicket gate [3]. The increment in the efficiency of old hydro
turbines is therefore essential in this regard and the discharge measurement is the most
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Figure 1: Measurement points for low head turbine (Kaplan turbine) [4]

challenging parameter to be measured. The shorter intakes and geometrical variation in
the low head plants further complicate the discharge measurement.

Standards for the field testing and model testing of hydro turbines can be found in
IEC 60041:1991 [4] and IEC 60193:1999 [5] standards, respectively. Efficiency of a turbine
η expressed in IEC 60041 standard is calculated by

η = P/Ph (1)

where P is the turbine mechanical power, which is given by:

P = Pa + Pb + Pc + Pd + Pe − Pf (2)

where Pa is the generator power, Pb is the mechanical and electric losses in the generator
including windage loss, Pc is the thrust bearing losses due to generator, Pd is the losses in
all rotating external to the turbine and to the generator, Pe is the power supplied to any
directly driven auxiliary machine and Pf is the electric power supplied to the auxiliary
equipment. The Hydraulic power Ph is expressed as:

Ph = E(ρQ)±∆Ph. (3)

∆Ph is the hydraulic power correction depending on contractual definitions and local
conditions. Q is the volume flow rate or discharge, ρ is the fluid density, E is the specific
hydraulic energy of the turbine and for a low head turbine, the simplified relation can be
written as:

E = gZ

(
1− ρa

ρ̄

)
+
v2

1 − v2
2

2
(4)

where ḡ is local value of acceleration due to gravity, Z is the difference in elevation
between two measurement points shown in Fig. 1, ρ̄ given by (ρ1 + ρ2)/2 and ρa are the
density of water and air respectively, v1 and v2 are the mean velocities at the measurement
points 1 and 2, respectively.

There are several standards methods mentioned as the absolute discharge measure-
ment methods in the standard IEC 60041. Absolute measurements come with some



1. Introduction 3

limitations which may not be technically and economically feasible to be employed in
the low head power plants. Table 1 provides information on the discharge measurement
methods, its estimated cost, and development status for the low head plants (usually
head under 50 m). There are several pros and cons of the above methods applied to
the low head turbines that are described in ref. [6]. As a quick overview, the pressure-
time or Gibson method looks attractive but the understanding and experience for shorter
penstock is limited. Current meters come with a higher cost, installation time and lim-
itation like a change in flow angles due to a variable cross section of intake. Volumetric
has not received much attention. Model testing could be very expensive (in order of 5
million SEK). The cost of current meters and scintillation estimated by Taylor et al. [14]
also shows a similar estimation as mentioned in Table 1, but higher in the case of transit
time/time of flight method. Scintillation and transit time method are developing method
for the low head applications. The measurement performed in Kootenay canal [15] shows
transit time and scintillation predicted flow rates within ≈ 0.1% and 0.5% respectively
(also mentioned in Table 1).

Table 1: Available discharge measurement methods and their development status for low head
plants [6]

Method Type Development
status for low
head

Estimated
cost [0-1]∗

Practical Uncer-
tainty at 95%
confidence level

Winter-Kennedy relative low 0.04 ±10% [7-9]
Pressure-time absolute very low 0.04 ±1.4% [10]
Transit time absolute average 0.2 ±0.1% [11]
Scintillation absolute low 0.2 ±0.5% [11]
Current meter absolute very good 0.2 ±1.2% [11]
Dilution absolute very low 0.04 ±3% [12, 13]
Volumetric absolute very low 0.04 ±1.2% [10]∗∗

Model testing absolute very good 1 ±0.2% [10]∗∗∗

*converted from the estimated costs to the scale range 0-1 from ref. [6]
**Uncertainty in an artificial basin according to IEC 60041
*** Uncertainty could be ±5% while scaling up from the model to prototype [5]

As most of the turbines in the Swedish hydropower are low head machines operating
below 50 m, the WK method is the most popular way for discharge measurement. The
cost is very attractive with almost no downtime if the pressure sensors are already in-
stalled. However, the method sometimes shows large discrepancies and the fundamental
understanding of the method is still limited. The present paper aims to address the
theory, review of available literature and the possible ways to understand its limitations
systematically.
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2 The Winter-Kennedy method

The WK method is based on the measurement of pressure difference between 2 or 4
pressure taps located at 1 or 2 radial sections of a spiral casing (SC). Because inconsis-
tencies in the results are sometimes reported; they are usually not recommended for the
comparative tests. The variability in the coefficient may be due to several factors such
as inflow conditions, guide vane opening, design and location of taps, effect of a runner
and surface roughness. The WK method was initially described by Ireal A. Winter and
A. M. Kennedy in their paper [16]. IEC 60041 considers this as a secondary method and
can only be used as a part of field acceptance test if the method is calibrated by absolute
method considered in the standard. The standard also suggests that the WK method
cannot be used to check the power guarantee of the machine unless both parties agree.

2.1 Principle

The principle of this method has been extended from the flow physics in a curvilinear
path and based on free vortex theory. A flow in a curved pipe is subjected to a centrifugal
force and create angular momentum and causes the pressure difference between the outer
and inner side of the curved pipe (or elbow). This differential pressure is used to calculate
the velocities. Consider a streamline as in Fig. 2 with s, n and l coordinates in flow,
normal and bi-normal direction of the streamline respectively with a local radius of
curvature r and tangential velocity as uθ. Then the pressure normal to streamline is
P.ds.dl − (P + ∂P

∂n
.dn)ds.dl, which equals to −P + ∂P

∂n
.dn.ds.dl. The Newton’s second

law of motion gives the force in the streamline as ρ.dn.ds.dl.(u2
θ)/r, where (u2

θ)r is the
centrifugal acceleration and ρ is the fluid density. Equating the two forces the following
relation is derived,

Figure 2: Streamline coordinates and forces
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u2
θ

r
=

1

ρ

∂P

∂n
(5)

and the derivation of the Bernoulli equation yields:

1

ρ

∂P

∂n
+ uθ

∂uθ
∂n

= 0 (6)

Equations 5 and 6 give d(uθ.r) = 0, which means the term r.uθ is constant suggesting
the free vortex.

The derivation can also be achieved from the radial component of Navier-Stokes
equation for incompressible fluid in cylindrical coordinates, given by

ρ

(
∂ur
∂t

+ ur
∂ur
∂r

+
uθ
r

∂ur
∂θ
− u2

θ

r
+ uz

∂ur
∂z

)
=

−∂P
∂r

+ ρgr + µ

[
1

r

∂

∂r

(
r
∂ur
∂r

)
− ur
r2

+
1

r2

∂2ur
∂θ2

− 2

r2

∂uθ
∂θ

+
∂2ur
∂z2

] (7)

where ur, uθ and uz are radial, tangential and axial velocity components respectively and
gr is the body acceleration. Considering an inviscid steady flow and assuming the negli-
gible radial and vertical (axial) components, Eq. (7) also reduces to Eq. (5). Integrating
Eq. (5) from inner radius r1 to outer radius r2, such as∫ r2

r1

u2
θ

r
dr =

1

ρ

∫ P2

P1

dP (8)

and considering uθ constant across the considered cross-section with area A and Q = uθA,
the discharge can be expressed as:

Q = K
√

∆P ,whereK =
A√
ρ ln r2

r1

(9)

Equation (9) gives the theoretical discharge in curved conduits. The equation is applica-
ble only to calculate cross-sectional theoretical discharge in an SC and can be extended
to calculate the total discharge by considering the radial discharge. IEC 60041 standard
mentions the above equation as Q = K∆P n, where the value of exponent n can have a
range between 0.48 and 0.52. The flow coefficient K is generally determined by model
testing or calibrating against the absolute method. The differential pressure measure-
ment is done between 1 or 2 pairs of pressure taps located at 1 or 2 radial sections of
an SC. The IEC code states the outer tap to be located at the outer side of the spiral
whereas the inner tap shall be located outside of the stay vanes on a flow line passing
midway between the two adjacent stay vanes. The standard also recommends using the
other pair of pressure taps in another radial section. The spiral with the WK pressure
taps is shown in Fig. 3.
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Figure 3: Location of the WK pressure taps [4]

2.2 Practical methods and alternative considerations

There have been several attempts to revise and develop the method. Sheldon [17,18] sug-
gested the pressure transducers to be calibrated at the lab using the same specific weight
as that in the SC and the transducer lines should be bled to remove any gas bubbles.
It is because the piezometer(s) are measuring the relative weight flow rate (product of
the specific weight of fluid and discharge) of the fluid. The WK method applied in the
field investigations have been reported by several researchers [8,17,19]. There are two
methods of calibrating WK coefficients [17]. The first one is the single point method
where the prototype flow value from a model test at the peak efficiency point is equated
to the square root of the differential pressure at peak relative efficiency. The exponent
n is exactly kept 0.5, and K is determined. The second method uses multiple points,
here the absolute flow rates are measured simultaneously with WK pressure differentials,
then the plot for ∆P versus Q are curve fitted generally with the least square method.
It is also common to use a log-log plot for ∆P versus Q forming a straight line in the
slope-intercept form. For log-log plot, with base of 10, log10Q = n log10 ∆P +b and using
a log identity as log10Q = log10 ∆P n + b, or 10logQ = 10log ∆Pn+b, the relation reduces to:

Q = 10b or, Q = K∆P n (10)

A new method of calibrating the above equation was derived by Sheldon [17] in which the
exponent n will no longer be constant but varies with the relation Q = K∆P n+a(log ∆P ),
where n is near to 0.5 and a is the coefficient of the second order term from the calibration
second order equation Q = a(log2 ∆P ) + n(log ∆P ) + b. This non-linear is because the
exponent of the differential pressure varies with the flow rate. Nicolle and Proulx [9]
also made modification of the equation in the coefficient K, where K was the function
of guide vane opening, but the exponent n was kept constant to square root in this case.
But the modification was based on the physical results rather mathematical modification.
An alternative fitting procedure if the WK method is used as transfer between absolute
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discharge measurements is given in ref. [20], where the author introduces the term to
remove the non-linearity error and to be used with two discharge measurement data sets.
Given in the form of Q = a∆P 0.5 + b, (instead of Q = K∆P n) where a is proportional
bias and b refers to zero offset constant which accounts for changing flow regimes as the
flow approaches zero. Flow can approach zero conditions when there is flow separation
near the taps.

Numerical simulation can also be used to calibrate the WK coefficients, as was pre-
sented in ref. [21], where the experimental results from thermodynamic method and the
WK method have been used to validate the numerical results. The calibration coefficient
K and exponent n are determined by non-linear curve fitting in the numerical results.

IEC 60193 code [5] states that “the index test in the model can never be a substitute
for an absolute discharge measurement at the prototype”. Even under favorable condi-
tions, the uncertainty in the discharge measurement at the prototype using the calibrated
K from the model tests can show about ±5%. This is because the coefficient K is a func-
tion of flow condition, Reynolds numbers and wall roughness, which are not constant
between model and prototype. On the other hand, calibrating on the prototype with
some absolute measurement technique, and varying the exponent n poses question to-
wards the formulation of the WK method, whereas a specific K, calibrated under certain
conditions, might not be valid anymore if the conditions are changed.

3 Previous investigations

Since the WK method is widely used in refurbishment projects, it is common to compare
efficiency after replacing the old runner with the new runner. This is generally done by
calibrating the constants of the WK equation with the old runner and using the same
values after refurbishment. Usually an increase in efficiency is expected but sometimes
low improvement value or even negative results have been reported which question the
use of the old calibration values into the new one.

The intake flow conditions can affect the WK method. The vortex and flow unsteadi-
ness could be generated from the power plant design or inflow conditions [1] and affect the
WK measurements, as the flow condition can change in the SC making the measurements
unreliable. The WK shows high repeatability in favourable conditions. In the study con-
ducted conducted by Hulaas et al., the WK results fits well, using the exponent n value
of 0.5, with the absolute efficiency tests (thermodynamic and pressure-time), with differ-
ence of only -0.59 (min) and 0.11 (max) percentage point [10]. The measurement were
performed in a Vertical Francis turbine with a net head of 52 m and 14 MW. In double
regulated machine like Kaplan turbine, the off-cam set up could produce deviations in
the WK measurements (see Topham et al. [22]). Sometimes the method can show large
error. Approximately 3.7% deviation in the WK results were observed relative to the
acoustic scintillation flow meter in ref. [19]. The authors in [9] also demonstrated that
the flow homology conditions cannot be always achieved, so a better way is to have larger
differential pressure measurement and calibrate it. The numerical studies presented in
[9] showed that the flow distribution depends on the guide vane (GV) openings/angles
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Figure 4: Influence of guide vane angle opening on the WK coefficient [9]

(shown in Fig. 4). The pressure taps placed at different locations have shown different
characteristics to GV opening and adjacent unit operation. The result could even show
∼ 5% error. Hence, the author proposed a new method where the index constant K
would no longer be constant and vary with the GV opening. This method developed at
Hydro-Québec, as described in refs. [9,23,24], is also used for online flow monitoring, and
the experiments on 200 MW Francis turbine and 110 MW propeller turbine have shown
good agreement, even when the head changes. Andersson et al. [7] investigated the
effects caused by a well-defined skew inflow on the WK measurements. The inlet velocity
profile was skewed by sieve plates and the pitot tubes were used to measure the velocity
profile. The authors reported up to 10% deviation in the WK pressure measurements
due to this skewness. The WK differential pressure was found to have discrepancies even
in two identical units. Rau and Eissner [8] investigated the WK method in two identical
units and the pressure-time method was used to calibrate WK coefficients of that turbine.
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Figure 5: Winter Kennedy measurement discrepancies, a) WK compare with the Pressure-time
[8]; b)refurbishment effects on WK measurements [25]

Although the same coefficients were used to calibrate the WK constant to the other iden-
tical unit; however, the efficiency curve could not be reproduced (0.8% discrepancy was
observed in higher loads). Here, it should be noted that the identical units are difficult to
obtain because there are always slight variations in the two units. It is because each unit
involves some manual welding, grinding and thermal process which can affect the final
geometry. Even the WK coefficients calibrated from the model test showed discrepancy
in the efficiency curve while applied to the prototype (1% discrepancy) at higher load
(Fig. 5a). The authors recommend not to use the WK method in the comparative test
as the behaviour was not well reproduced.

Fabio and Randall [25] showed that the two sets of WK taps installed could give
different results. The study shows higher differential taps resulted 4% increase in the
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Figure 6: Velocity component distribution due to trash racks [26] (left) and turbulent kinetic
energy distribution after trash rack [27] (right)

efficiency after refurbishment (but same runner design) and lower differential taps mea-
sured only 1% increment, whereas pressure-time method showed 2% increment (see Fig.
5b). The discrepancies in results was related to the corrosion inside the SC.

Several numerical investigations have been performed to analyse the flow phenomena
due to the variations in intake [9,21,26,27]. The wakes resulted from the trash racks
affected both mean velocity and turbulence even at the 5 m downstream measurements
and gave discrepancies in the results of different methods [26]. Figure 6 shows the mean
horizontal velocity component distribution in the middle cross-section of the intake. The
velocity profiles measured and calculated matched along the elevation but seen some
fluctuations in the flow angle which have resulted from the turbulence produced from the
racks or the sediment/debris deposited at the bottoms over the years.

The discrepancies shown by the WK method occur usually from hydraulic boundary
conditions, design and location of the pressure taps, surface roughness and local flow
disturbances, as well as air pockets in the pressure pipes. It has been observed that the
method can give sufficient result in favourable conditions but sometimes can produce
totally unreliable results. The method is widely employed in comparative tests during
the refurbishments. However, many studies also pointed out that the method should not
be used during refurbishments for comparisons since the flow conditions inside SC might
change.

4 Systematic analysis

Though there have been several experimental and numerical investigations in the WK
method in the past decades, systematic analysis of the uncertainties shown by the WK
method has still not been addressed. The following sections describe the factors that are
necessary to consider in the systematic error analysis of the method:
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Figure 7: Effect of inlet velocity profile on velocity distribution in sectional plane (secondary
flow) of curved pipe.

4.1 Flow in curved conduits

The formulation of the WK method is based on the free vortex theory. The velocity
streamlines in SC are assumed as irrotational. In other words, the flow is moving in a
circular path in such a way that the flow do not rotate in their own centre but just follow a
circular path. An SC can be considered as a curved pipe and earlier investigations [28,29]
including numerous secondary flow investigations [30-34] inside curved pipes have been
conducted since the Dean’s first investigations [35,36]. Dean [35] showed the secondary
flow (so-called Dean vortices) in the cross-sectional plane of the pipe decreases the flow
rate produced by a given pressure gradient and the streamlines pattern was found to be
symmetrical inside and outside of the bend. Similar vortices were also reported in the
SC by Mulu and Cervantes [37]. The pattern of these streamlines creating Dean vortices
could be different at large Dean’s number D. The studies conducted by McConalogue
and Srivastava [28] showed radial pressure gradient opposes the distribution of centrifugal
force and can create approximately uniform secondary flow for larger D, (D ≈ 600).
Similar results were also reported in refs. [30,32], among others. The shifting of maximum
axial peak velocity towards the wall increases the viscous rate of dissipation due to shear
[28]. This effect reduces the flow rate in curved pipes compared to straight pipes with
similar configurations. The nature and strength of the secondary flow also depends on
initial the inlet flow conditions [30,38]; consequently, the wall static pressure can change.
Figure 7 shows the variation of constant axial velocity for the pipe with bend radius
degrees resulting from the different inlet velocity distribution.

The flow in the SC (for free vortex type) should be axisymmetric if it is well designed.
But the secondary flows can be induced near the walls and the flow can also be distorted
near the inlet of stay vanes [39]. A laser Doppler velocimetry/anemometer (LDV/LDA)
measurement of velocity components in SC was performed by Nilsson et al. [40] and
Mulu and Cervantes [37]. The LDA measurement conducted by the authors in ref. [37]
shows larger tangential velocity toward the inner region (entrance to the stay ring) and
that the turbulent intensity is also larger in near wall regions. Numerical simulations
also showed good agreements with the measurements [41,42]. The results reported in
[37] showed that the flow can be turbulent in the SC when there is a bend upstream that



12 Paper A

Figure 8: Tangential and radial velocity from LDA measurement from [37] in the SC of Kaplan
turbine.

creates large recirculation. At the beginning of the casing (at SI in Fig. 8), the maximum
tangential velocity is located at the bottom region of the SC and it decreases toward the
mid-span of the GVs. However, toward the inner section (SII in Fig. 8), the maximum
tangential velocity region is located somewhere between the mid-span of the GVs and
upper level of the leading edge of GVs or stay vanes.

This measurement illustrates that the flow evolving in the SC is due to the inflow
conditions. The distortion of inlet velocity by implementing well-defined skew inflow
condition was also confirmed in a recent study by Andersson et al. [7], where a deviation
of WK pressure measurement reached up to 10%. Mulu’s investigation also showed
secondary flow structure in the penstock when there is a curved section upstream [43].
Recent numerical studies by Nakkina et al. [44] conducted on several SC designs also
showed the twin vortices due to secondary flow, but their strength decreases from one
section to another. All these studies show that the secondary flow can emerge due to
upstream conditions in the SC and thus influence the pressure measurement.

4.2 Local flow disturbances

The advanced pressure sensors available today can accurately measure within the very
low tolerance. However, the measurement depends on the local flow disturbances near
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the tap. The pressure at the wall can be influenced by the following variables [45]:

Π = f

(
dsuτ
ν

,
ds
D
,M,

ls
ds
,
dc
ds
,
ε

ds

)
(11)

where ds is the diameter of the tap, uτ is the friction velocity given by
√
τω/ρ, τω is the

wall shear stress, ρ is the fluid density, M is the Mach number (can be neglected here), ls
is the depth of the tap (orifice), dc is the cavity behind the orifice, ε is the RMS of burrs
on the edge of the tap orifice, ν is the kinematic viscosity of the fluid. The local flow at
the tap can get complex with flow distortion and creation of cavity vortices (which can
result in higher pressure measurement [46]). The local surface irregularity in SC can also
be related to the surface roughness due to erosion and wear over time. Though there
have been numerous studies regarding local flow disturbances due to a surface roughness
in turbulent flows, it is essential to understand this phenomenon around the taps in SC.

4.3 Downstream conditions

The WK measurement could be affected by the change in downstream flow conditions,
such as runner change during refurbishments. The experiment conducted by Lövgren
and Cervantes [47] for low head Kaplan model turbine resulted in ∼ 2% difference in the
flow rate estimation using the WK method. The constant for the new runner was based
on the calibration constants of the old runner. Rau and Eissner [8] have also reported the
discrepancy that could reach 1% at higher loads. In some cases, the pressure waves from
the rotor-stator interactions could propagate into the SC [48]. A bad design of an SC can
produce asymmetrical load distribution [49] in the runner, which in turn could affect the
unsteady flow phenomenon in the casing. Pressure measurements in the spiral casing of
a Kaplan model turbine by Jonsson and Cervantes [50] observed the runner frequency in
the SC as one of the dominating frequencies at the best efficiency point (as well as at high
loads), whereas the rotating vortex rope appears at part load. The acoustic propagation
of this vortex rope in the SC had about ∼ 1/5 of the measured amplitude in the draft
tube. Figure 9 shows the frequency spectrum measured at the sensors positioned in the
SC. The frequency 1.f ∗ corresponds to the runner frequency, which is dominant in all
the sensors located in the case. The pressure amplitude is larger for the inner pressure
taps (S1 to S6), whereas smaller at the outer wall of the case (i.e. S7 and S8 in Fig. 9).

5 Summary

The Winter-Kennedy (WK) method is a popular relative method for discharge measure-
ment in low head hydraulic turbine because of its low cost and time requirements. The
method is based on differential pressure measurement with 1 or 2 pairs of pressure trans-
ducers at 1 or 2 radial sections of SC. The method is popular in low head plants as the
short and sometimes complex intake geometry pose limitation to the other absolute flow
measurement methods. As this method is comparatively cheap and easy to implement,
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Figure 9: Amplitude spectrum in the SC (left) for the sensors mounted in SC (right) [50]

the use of this method is seen promising in future too. The WK method is favourable
if the calibration is performed on the prototype itself and the flow conditions are un-
changed. Indexing from model test can never be a substitute for the absolute discharge
measurement of the prototype.

The WK method has been widely investigated in the past two decades and results
have shown dependence on several factors. Errors up to 10% have been reported. The
WK coefficient calibrated on old runner may not be used for a new runner, as the flow
physics changes. The downstream factors such as change in guide vane angles (propeller
configurations), runner change and rotating-vortex breakdown can also introduce flow
change and wave propagation in the SC. It is also interesting to mention how the sec-
ondary flow and flow separation could occur from the upstream influence. For instance,
intake pipe bend, bifurcations and operation of adjacent units can all alter the veloc-
ity profile and hence the pressure distribution in the cross-sectional plane of the SC.
Moreover, the local flow disturbances due to surface roughness, eroded inner surfaces or
incorrect installation of pressure sensors can also explain some of the discrepancies shown
by this method.

This literature survey deduces that it is crucial to understand the fundamental flow
phenomena in the SC. The further understanding of flow physics inside SC can give the
possible explanation to the error and uncertainties associated with this method. There-
fore, a systematic error analysis and reporting of this method are to be developed through
numerical simulations and experimental techniques with the following parameters under
investigation:

• Velocity field and pressure measurements in selected section of SC near the WK
pressure taps through optical measurement techniques like LDA while altering the
inflow conditions. The inflow conditions should be affected by changing velocity
profiles, introducing oscillating flow and at different loads (part load, best efficient
point, and high load) or through some mechanism with valve opening or closing.

• Influence of roughness in local flow disturbances near the taps

• Change in downstream geometry like runner, guide vane angle and clearance gap
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(for Francis type) or changing runner blade angle, and investigate the phase-
resolved velocity measurement that may provide detail information regarding the
main cause of the erroneous results
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Luleå 971 87, Sweden

e-mail: binaya.baidar@ltu.se

Jonathan Nicolle
M�ecanique, m�etallurgie et hydro-�eolien,

Instit de recherche d’Hydro-Qu�ebec,

Varennes, QC J3X 1S1, Canada

e-mail: nicolle.jonathan@ireq.ca

Chirag Trivedi
Department of Energy and Process Engineering,

Norwegian University of Science

and Technology,

Trondheim 7491, Norway

e-mail: chirag.trivedi@ntnu.no

Michel J. Cervantes
Professor

Department of Engineering

Sciences and Mathematics,
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Numerical Study of the
Winter-Kennedy Method—A
Sensitivity Analysis
The Winter-Kennedy (WK) method is commonly used in relative discharge measurement
and to quantify efficiency step-up in hydropower refurbishment projects. The method uti-
lizes the differential pressure between two taps located at a radial section of a spiral
case, which is related to the discharge with the help of a coefficient and an exponent.
Nearly a century old and widely used, the method has shown some discrepancies when
the same coefficient is used after a plant upgrade. The reasons are often attributed to
local flow changes. To study the change in flow behavior and its impact on the coefficient,
a numerical model of a semi-spiral case (SC) has been developed and the numerical
results are compared with experimental results. The simulations of the SC have been per-
formed with different inlet boundary conditions. Comparison between an analytical for-
mulation with the computational fluid dynamics (CFD) results shows that the flow inside
an SC is highly three-dimensional (3D). The magnitude of the secondary flow is a func-
tion of the inlet boundary conditions. The secondary flow affects the vortex flow distribu-
tion and hence the coefficients. For the SC considered in this study, the most stable WK
configurations are located toward the bottom from h ¼ 30 deg to 45 deg after the curve
of the SC begins, and on the top between two stay vanes. [DOI: 10.1115/1.4038662]

Keywords: CFD, discharge, hydropower, low-head, spiral case, Winter-Kennedy

1 Introduction

Hydropower is a matured and proven technology with more
than 16% of the total electricity and around 85% of renewable
electricity generation globally [1]. The International Energy
Agency predicts that the global capacity of the hydropower plants
should double by 2050, mainly from new developments in emerg-
ing economy regions like Asia and Latin America. However, there
are numerous old plants undergoing major refurbishments in
industrialized nations, where there is less potential for new devel-
opment. These refurbishments have been motivated by several
factors like new regulations, safety, environmentally friendly, or
better and more efficient turbine designs. Furthermore, the grow-
ing introduction of intermittent renewable energies such as wind
and solar into the grid has also provoked new turbine designs that
can withstand the frequent changes in its operations [2]. Whatever
are the drivers, the refurbishment is usually expected to increase
the plant’s overall efficiency, to provide more flexibility to the
operator, extended range of operations, and more power.

For efficiency measurement, the discharge is an important, yet
difficult parameter to assess. The difficulty is enhanced with low
head turbines (below 50 m head), where the intakes are shorter
and generally have continuously varying cross-sectional areas. In
such layouts, there are no specific guidelines for the discharge
measurement. The IEC41 code [3] mentions various methods
(absolute and relative), which are either expensive or not well-
developed for low heads. For example, the acoustic methods like
Transit time and Scintillation predicted discharge very well,
within 0.2% and 0.5%, respectively, compared to the reference
flowmeter [4], but still can be expensive [5]. As a relatively

cheaper and easier alternative, the Winter-Kennedy (WK) method,
an index testing method, is popular to evaluate relative discharge
and thus efficiency step-up.

The WK method uses the differential pressure between a pair of
pressure taps located at a radial section of a spiral casing. The
outer tap is located on the exterior wall of the casing, while the
inner tap is normally placed outside the stay vanes. It is wide-
spread practice to use two pairs of pressure taps at two different
radial sections. The method was initially described by Winter and
Kennedy in Ref. [6] and is also included in the IEC41 code as a
secondary method of discharge measurement. The formulation is
based on the flow physics of the curvilinear motion within the spi-
ral assumed to be a free vortex, if designed so. As it stems from
simple radial equilibrium, the flow must be steady and axisym-
metric with zero axial and radial velocity everywhere. This means
that the circumferential (tangential) velocities altogether with the
pressure are only functions of the radius [7]. The center of fluid
rotation and geometrical center are assumed to coincide [6].
Although this condition may not be completely fulfilled due to the
complex flow behavior, the theory is seen to work in most of the
region [8]. The method relates the discharge (Q) as

Q ¼ KWK � DPn (1)

where KWK is the flow coefficient, commonly known as WK coeffi-
cient, which is determined by calibrating against an absolute
method or model testing. n is an exponent whose theoretical value
is 0.5 but can range between 0.48 and 0.52. The IEC41 recom-
mends the differential pressure DP taps to be placed from h ¼
45 deg to 135 deg after the curve begins in a steel (circular) spiral
case and h ¼ 20 deg to 120 deg in a concrete semi-spiral case (SC).

The WK method usually produces reliable results, but it can
also produce suspicious results from time to time [9–11]. Many
studies pointed out that the method may not be used in compara-
tive tests during the refurbishments, as the flow conditions change,
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and consequently, the previously calibrated coefficient may no
longer be valid. The change in inflow condition to the spiral can
affect the WK measurement as shown by L€ovgren et al. [9]. In
this study, a well-defined skew inlet was created and a deviation
in the pressure measurement up to 10% was reported. The authors
also suggested that the error in such situation can be reduced by
averaging the pressure of two inner taps. Even with identical
units, some discrepancies in WK results can sometimes be
obtained [10]. The authors in Ref. [10] reported higher discrepan-
cies at higher loads with identical units, although the same coeffi-
cient was used to calibrate the other unit. As a matter of fact, there
are always some differences in the final runner geometry or
configurations even in the case of identical units because of manu-
facturing techniques, which may cause discrepancies. WK differ-
ential pressure is thus seen to be highly sensitive even due to
small geometrical changes. The numerical investigation per-
formed by Nicolle and Proulx [11] also shows that the WK results
are sensitive to the adjacent unit operation (� 3% deviation),
which changes the inflow conditions, while the flow homology
required for an index is not always observed. The study also sug-
gested that WK results can be highly sensitive if the inflow condi-
tion changes since the measured pressure difference is small
(9–15 kPa). The authors raised the limitations of the method and
proposed a new method of measurement by placing an inner pres-
sure tap in the distributor and varying the coefficient as a function
of guide vane opening.

Muciaccia and Walter [12] reported that two sets of WK taps
produced different results after refurbishment on a Francis turbine.
One of the taps with higher differential pressure showed an effi-
ciency increment of 4%, while only 1% was obtained with the tap
with lower differential pressure. The measurement performed with
the pressure-time method (an absolute method) on the same tur-
bine gave an efficiency improvement of 2%. This discrepancy in
the results was attributed to the water passages. It was suggested
that the WK measurements are sensitive to local flow details.

In the experimental works conducted by L€ovgren et al. [13], the
effect of using the KWK from the old runner in the flow estimation
of the new runner was studied. It resulted in around 2% difference
in the flow estimation, which cautions even the change in runner
influences upstream flow and has a strong effect on the WK
results. Despite its several limitations, the method is still widely
used in comparative tests during the refurbishments. It is usually
assumed that the flow physics is unchanged after refurbishments
so that the same WK constant may be used.

Though it is now well-known that the change in the inflow con-
ditions also changes KWK, the mechanism leading to these WK
results is still unclear. Therefore, a numerical model is developed,
validated with the results from the previously conducted experi-
ments. The present numerical work aims to better understand the
changes in flow physics inside an SC, more specifically when the

inflow condition is modified by looking at four different configu-
rations and at several azimuthal locations. To better understand
where the WK flaws, the results are also compared with the ana-
lytical free vortex formulation. Finally, the configurations and
locations for WK differential pressure measurement are also pro-
posed for the type of SC considered in this study.

2 Test Case and Numerical Methods

2.1 Test Case. The turbine model of H€olleforsen hydropower
plant, Sweden, was the test case of the Turbine 99 workshop series
[14,15] and is used in this study. The plant has three Kaplan tur-
bines with a 5.5 m runner diameter operating under a 27-m head
and 230 m3/s discharge. The model of this turbine is a 1:11 scale
of the prototype, with a 0.5 m runner diameter, 4.5 m head, and
0.522 m3/s discharge at the best efficiency point. The test rig is
shown in Fig. 1(a) and more details on the setup can be found in
Ref. [14]. The radial and tangential velocities were measured with
laser Doppler anemometry (LDA) along the dashed vertical line
shown in Fig. 1(b) [16]. The experimental measurements are used
for the validation of the numerical model.

Furthermore, the results of previously conducted WK measure-
ments on the model [13] were used to validate the simulations.
For the pressure measurements, differential pressure sensors
(Rosemount 3051S) were used. The data were acquired at 100 Hz.

2.2 Numerical Methods. Computational fluid dynamics
(CFD) analysis of the model turbine was conducted using the
commercial CFD code ANSYS CFX v16.0. The penstock of the SC
was built in two blocks. The volute was connected to the distribu-
tor composed of ten stay vanes and 24 guide vanes using general
grid interface, as shown in Fig. 2. The guide vane opening angle
was 29.5 deg. The distributor is essential in such simulation as it
strongly couples with SC and influences the outflow. The runner
and draft tube were not included. The grids consisted of unstruc-
tured hexahedral elements created using ICEM CFD.

The spatial discretization was achieved by varying the blend
factor from 0.0 to 1.0 throughout the domain based on the local
solution field. Therefore, this scheme is at best second-order accu-
rate in the areas with low variable gradients, whereas first-order
accurate in the areas with large gradients. This strategy assures the
stability while ensuring accuracy to be as close as possible to sec-
ond order while keeping the solution bounded [17]. Further, the
upwind scheme, first-order accurate, was considered for the con-
vective terms of the turbulence equations. The convergence crite-
rion on the root-mean-square residual was set to 1� 10�5 for both
pressure and mass momentum. The mass imbalance was also con-
trolled to be � 1� 10�5%. Along the validation line (shown in

Fig. 1 Model test rig at the Vattenfall hydraulic machinery laboratory in €Alvkarleby, Sweden. The penstock and semi-spiral
case are marked with the dashed area in (a). The location of the LDA measurements used for the validation of the CFD results
is marked with the dashed line, termed as validation line in (b), taken from Ref. [16].
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Fig. 1(b)), eight velocity points and seven pressure points, namely
P1–P7 at the respective WK locations, were monitored to ensure
that the solution achieved a stable state. The pressure/velocity val-
ues at the monitored variables were found to be steady and not
changing with further iterations. Therefore, the iteration errors are
low when compared to the discretization errors. The location of
the pressure points and the WK configurations are shown in Fig. 3.
For example, in WK1, DP was calculated by ðP5þ P6þ P7Þ=3
�P1, and similarly for WK3 and WK4. For WK2, DP was the
pressure difference between P1 and P2.

All the simulations were conducted using Menter’s two equa-
tions shear stress transport (SST) [18,19], as it has shown satisfac-
tory results in terms of robustness, stability, and accuracy [20]
while reducing the computational effort in several previous

investigations related to hydraulic turbines [2,21]. The automatic
near-wall treatment is considered, which automatically switches
from a low-Re formulation to wall-functions when the grid is not
refined enough near the wall. Therefore, this method blends the
wall value for the turbulent frequency between the log and near
wall function. The equations solved in the CFX software with the
SST turbulence model are presented in Table 1.

Two models of penstocks were studied, i.e., full penstock with
tank (FP) and half penstock (HP), see Figs. 2(a) and 2(b), respec-
tively. The FP model was used to create the inlet boundary condi-
tions for the HP model. The FP model was simulated in unsteady
mode during 400 s with a 0.1 s time-step, five inner coefficient
loops and a second-order backward Euler as the transient scheme.
The total cell count was 9.56� 106 for this setup. The transient

Fig. 2 Computational domain showing (a) FP and (b) HP model. Both models contain the semi-spiral
case and distributor (stay vanes and guide vanes). The HP model is considered in this study by varying
the inlet conditions: (1) the normal or ideal inlet and (2) realistic inlet obtained by simulating the FP model
in transient and generating averaged velocity profile at the location of HP inlet marked with the dashed
ellipse in FP model.

Fig. 3 Measurements cross section for h 5 302120 deg in (a). WK pressure points and combinations at each cross-sectional
plane of spiral case with varying angles in (b).
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mode was used for this case due to the presence of an unsteady
vortex in the upper corner of the tank. The sole purpose of this
simulation was to create a realistic inlet for the HP model. The
inlet flow direction is achieved by time averaging the stabilized
velocity profile after 70 s at the inlet location of the HP model.
The velocity profile achieved from the FP model simulation was
then considered as the FP_BC inlet and used as one of the two
inlet conditions for the HP model. As the tank and full penstock
were used to simulate the flow to generate the inlet profile,
the FP_BC also contains secondary flows due to upstream
geometry.

The other inlet condition to be considered was the ideal one
which was normal/perpendicular to the inlet and denoted as
NI_BC henceforth. The NI_BC does not contain secondary flows
and boundary layer, i.e., it is a plug profile normal to the inlet sur-
face. By considering these two inlet conditions, i.e., realistic
(FP_BC) and normal (NI_BC), at the inlet of the HP model, all

further analyses were carried. These two inlet conditions can also
be considered as the extreme cases of changing the inflow condi-
tions, and therefore, help in addressing WK sensitivities.

For both inlet conditions, a mass flow of 522 kg/s with 5% tur-
bulence intensity was prescribed. The average static pressure with
zero relative pressure was used at the outlet. The flow direction is
an implicit result of the computation and based on upstream influ-
ences while allowing the static pressure to vary locally at the out-
let, but constraining the area weighted average pressure over the
outlet to a user-specified value. As mass flow inlet was prescribed
for both inlet conditions, the inlet total pressure is an implicit
result of the calculation. The no-slip condition at the walls was
used. The water properties at 25 �C and 1 atm (q¼ 997 kg/m3,
l¼ 0.0008899 kg/m/s) were used in the simulations. The refer-
ence pressure of 1 atm was considered.

Furthermore, the NI_BC inlet was also used to simulate a
nearly nonviscous flow. This simulation aims to study the effect

Table 1 Governing equations and the equations solved in the CFX software including SST turbulence model [17–19]

Equations Equations and its descriptions

Navier–Stokes equation for the vis-
cous, incompressible and isothermal
fluid

@Ui

@xi
¼ 0

@Ui

@t
þ Uj

@Ui

@xj
¼ � 1

q
@P

@xi
þ � @

2Ui

@x2
j

where Ui is the instantaneous velocity, P is the pressure, q is the fluid
density, and � is the fluid kinematic viscosity

(2a)

(2b)

Reynolds-averaged Navier–Stokes
equation

@ui

@xi
¼ 0

@ui

@t
þ uj

@ui

@xj
¼ � 1

q
@p

@xi
þ � @

2ui

@x2
j

�
@ u0iu

0
j

� �
@xj

where ui is the time-averaged velocity, p is the time-averaged pres-

sure, and u
0
i represents the fluctuating velocity component.

(3a)

(3b)

The Reynolds stress from the
eddy-viscosity model sij ¼ �u0iu

0
j ¼ �t

@ui

@xj
þ @uj

@xi

� �
� 2

3
k þ �t

@uk

@xk

� �
dij where

k ¼ 1

2
u0iu
0
j

� �
is the turbulent kinetic energy, �t is the turbulent

eddy-viscosity, and dij is the Kronecker delta. @uk=@xk ¼ 0 for
incompressible flow.

(4)

SST turbulence model @ qkð Þ
@t
þ @ quj kð Þ

@xj
¼ @

@xj
lþ rkltð Þ

@k

@xj

� �
þ ~Pk � b

0
qkx

@ qxð Þ
@t
þ
@ qujxð Þ
@xj

¼ @

@xj
lþ rxltð Þ

@x
@xj

� �
þ

2 1� F1ð Þqrx2

1

x
@k

@xj

@x
@xj
þ aqS2 � bqx2

Blending function F1 is given by

F1 ¼ tanh min max

ffiffiffi
k
p

b
0
xy

;
500�

y2x

 !
;

4qrx2k

CDkxy2

" #( )4
8<
:

9=
;

where CDkx ¼ max 2qrx2

1

x
@k

@xj

@x
@xj

; 10�10

� �
and y is the distance to

the nearest wall.The turbulent eddy viscosity is given by

vt ¼
a1k

max a1x; SF2ð Þ
F2 is a second blending function, which restricts the limiter to the wall
boundary layer. S is an invariant measure of the strain rate

F2 ¼ tanh max
2
ffiffiffi
k
p

b
0
xy

;
500�

y2x

 !" #2
2
4

3
5

A turbulence production limiter is used as ~Pk ¼ min Pk; 10b
0
qkx

	 

;

Pk ¼ lt

@uj

@xi

@uj

@xi
þ @ui

@xj

� �
;

The constants are b
0 ¼ 0:09, a1 ¼ 5=9, b1 ¼ 3=40, rx1 ¼ 1=2,

a2 ¼ 0:44, b2 ¼ 0:0828, and rx2 ¼ 0:856

(5a)

(5b)

(6a)

(6b)

(6c)
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of viscosity and turbulence, as the WK formulation is based on an
inviscid fluid. This setup is termed as NI_BC (Euler setup) here-
after. A dynamic viscosity of l¼ 1� 10�20 kg/m/s was chosen
and free slip wall boundary condition applied. It should be noted
that the code CFX solved the Navier–Stokes equations, but without
solving turbulent equations, considering laminar flow with negli-
gible turbulent viscosity. In this case, the simulation achieved a
stable state but the root-mean-square residual oscillated around
4� 10�4 with a low amplitude (� 5%).

2.3 Grid Studies. Three different sets of grids were chosen
as mentioned in Table 2. G1 was the finest grid, whereas G2 and
G3 were the medium and the coarse grid, respectively.

The grid convergence index (GCI) approach was used to quantify
the discretization uncertainty, which is based on the Richardson
extrapolation method. The procedure was followed in accordance
to Ref. [22]. The method can also be implemented in complex geo-
metries like hydraulic turbines, as in Ref. [21]. However, the accu-
racy and reliability of the method in such engineering application
may not be straightforward. Nonetheless, the discretization study
from this method was applied as accurately as possible.

The discretization uncertainties calculated for the six pressure
points (P1, P3–P7 points shown in Fig. 3(b)) for the NI_BC at
h ¼ 30 deg are mentioned in Table 3. All the considered pressure
showed a monotonic convergence. The maximum uncertainties
associated with the fine and medium grids at the P1 point are
0.7% and 2.1%, respectively. It corresponds to 0.09 and 0.25 kPa
for G1 and G2 grids, respectively. For G2 and G1, the pressure
values for the considered points are closer with a maximum � 1%
difference than with the G3 and G2; maximum � 7% difference.
Further, the velocity profile at the validation line shown in
Fig. 1(b) for the three sets of grids using FP_BC is presented in
Sec. 3.1.2. The maximum discretization error in the tangential
velocity was 6.9% in G1 and 7.1% in G2, which corresponds to
0.0821 and 0.0815 m/s, respectively. For the radial velocity, the
maximum error with G1 was 11.9% corresponding to 0.0553 m/s,
whereas, for G2 grid, the error was 17.7% corresponding to
0.0598 m/s. The velocity profile for G1 and G2 grids were closer.
Despite some limitations shown by the grid selection process
using this method, the medium grid (G2) was chosen for the study
to have a reasonable computational time in accordance with the
available computational resources.

The minimum yþ value was 0.18 and the maximum 330 for this.
The area-averaged yþ values for the penstock and distributor were
26 and 43, respectively. A similar configuration of the grid has also
been previously validated by Geberkiden and Cervantes [23].

3 Results and Discussions

3.1 Comparison With Experimental Data

3.1.1 Winter-Kennedy Coefficients, KWK. The WK coefficients
from the numerical results of the two considered inlets, NI_BC and
FP_BC, at h ¼ 30 deg are presented in Fig. 4, along with the exper-
imental results and Euler solution of NI_BC inlet. The two inlet
boundary conditions are quite different, one is the realistic
(FP_BC) and the other is the ideal inlet (NI_BC). Therefore, the
deviations obtained are high compared to the one expected in prac-
tice. As stated earlier, the choice of extreme inlet boundary condi-
tions helps to address KWK sensitivities and related flow changes.

The numerical results for KWK1 and KWK4 are in good agreement
with the experiment, mainly with the FP_BC inlet as it resembles
the realistic condition. The WK4 configuration at h ¼ 30 deg for
FP_BC inlet is the closest to the experimental results, with an error
below 2%. The WK4 configuration also showed the least error after
the runner was changed during the experimental campaign [13]. The
least error in the experiments also signifies that the influence of the
runner is minimal for the WK4 configuration, as it is the furthermost
configuration from the runner. WK1 also has a good agreement: an
error below 3% for FP_BC inlet. The parameter KWK3 has the larg-
est discrepancy, about 20% with the experiment. The higher discrep-
ancy at the WK3 configuration may have been increased by not
modeling the downstream geometries: runner and draft tube. More-
over, the WK3 configuration showed the maximum relative error (�
2%) when the runner was replaced during the experiment. The test
rig used for the measurement is in accordance with the IEC stand-
ard. The maximum uncertainty in the discharge measurement with
the reference flow meter was 6 0.13%. The largest deviation with
the two inlet conditions occurred for KWK2 (� 8%), where one of
the pressure points lies in a stagnation zone at a stay vane leading
edge (see Fig. 3(b)). There is no reference value for KWK2 because
the experiment was not successful for this configuration. The effect
of viscosity and turbulence in KWK is discussed in Sec. 3.3.1.

3.1.2 Velocity Profile. The tangential and radial velocity pro-
files along the validation line, shown in Fig. 1(b), have good
agreement with the experimental results, see Fig. 5. The experi-
mental results are from Ref. [16]. The velocities are slightly over-
predicted but the overall behavior is still well captured. The
measurement was done with two-component LDA system, so the

Fig. 4 WK coefficient KWK , calculated from Eq. (1) with n 5 0.5,
for the normal inlet (NI_BC) and realistic inlet (FP_BC) condi-
tions at h 5 30deg: Euler solution for the normal inlet case is
represented by NI_BC Inlet (Euler setup). The experimental
results are from Ref. [13].

Table 2 Grid information

Grid information G1 fine G2 medium G3 coarse

Spiral case (million) 6.80 2.34 0.59
Distributor (million) 10.06 4.86 1.31
Total cells (million) 16.67 7.20 1.90
Min. angle (deg) 14.4 11.8 5.56
yþ (average) 13 26 170

Table 3 Discretization uncertainties in P1, P3–P7 pressure
points located at h530 deg using NI_BC condition

Parameter P1 P3 P4 P5 P6 P7

r21 1.32 1.32 1.32 1.32 1.32 1.32
r32 1.56 1.56 1.56 1.56 1.56 1.56
G1 (kPa) 11.85 12.31 12.59 13.45 13.43 13.52
G2 (kPa) 11.98 12.40 12.66 13.50 13.48 13.58
G3 (kPa) 12.85 13.32 13.59 14.49 14.46 14.55

G21
ext 11.78 12.28 12.57 13.44 13.42 13.51

GCI21
fine 0.007 0.003 0.002 0.001 0.001 0.001

GCI32
med 0.021 0.013 0.009 0.006 0.006 0.006
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uncertainty in the measurement is expected to be � 61%. Further,
the experimental tangential velocity has some errors due to the
orientation of the LDA system, the measurement grid was about
3 deg angle with the radial plane for better visibility during the
experiment. The strong reduction in the tangential velocity toward
the top wall of SC is due to the boundary layer. This accelerated
the radial velocity in this region, and consequently, reduces the
centrifugal force [16,24].

3.2 Effects of the Circumferential Location

3.2.1 Cross-Sectional Discharge and Analytical Comparison.
With the assumption of a simple radial equilibrium flow, the basis
of the WK formulation, there is a balance between the radial pres-
sure gradient and centripetal acceleration

1

q
@P

@r
¼ uh

2

r
(7)

where the term uh
2=r is the centripetal acceleration and directed

toward the center of curvature. By integrating the above equation
from the inner radial coordinate ri to the outer radial coordinate ro

in same radial section and considering the discharge only function
of the tangential velocity, Eq. (7) leads to

Qh ¼ KGeo �
ffiffiffiffiffiffiffi
DP
p

(8a)

KGeo ¼ A=

ffiffiffiffiffiffiffiffiffiffiffi
qln

ro

ri

r
(8b)

where KGeo is the geometrical constant and Qh is the discharge at
the considered cross section at the angle h. A and q are the cross-
sectional area of the section and the density of the fluid,
respectively.

The discharge in the cross sections of the SC calculated by the
analytical relation (Eq. (8)) was larger than that predicted by the
CFD, plotted in Fig. 6. The analytical relation assumed zero axial
and radial velocity which is not entirely true since the actual flow
in an SC is necessarily three-dimensional (3D). The configuration

that correlates best with the theory was the WK4, particularly for
FP_BC. The difference for WK4 was as low as 3.4% and 1.7% for
NI_BC and FP_BC intake, respectively.

When other components than the centripetal acceleration are
significant, they can considerably contribute to the radial pressure
gradient, thus challenging the basis of the WK formulation. As the
WK formulation is based on the free vortex theory, @ ruhð Þ=@r
should be zero which means that ruh must be constant along the
radius (r�) in Fig. 7, i.e., constant velocity moment. However, the
figure suggests that this is not fully respected and the inlet condi-
tion affects the ruh distribution, thus departing from the free vor-
tex theory. The lines corresponding to WK1 and WK4
configurations seem to better comply with the free vortex theory
with NI_BC than with FP_BC. The tangential velocity at the line
P35 starts to drop toward the inner radius from r� � 0:1 for both
inlet configurations at all cross section angles, for example, see
Fig. 7(a) for h ¼ 30 deg and h ¼ 105 deg. There is also a rapid
decrease in the tangential velocity toward the inner radius for P15
and P47 lines (Figs. 7(b)–7(c)).

The larger is the deviation from the free vortex theory, the
higher is the difference in the analytical discharge compared to
the numerical results, presented in Fig. 6. The regions having
strong radial and axial velocity gradients, secondary flows,
yielded a larger difference. For example, WK1 at h ¼ 120 deg has
the highest discrepancy (41.8%) among all the configurations
because there is a high amount of secondary flow in this region
characterized by a rapid increase in the radial velocity gradient.

3.2.2 Total Discharge. Winter-Kennedy coefficients are sen-
sitive to the inlet conditions and the sensitivity further depends on
the location of the pressure taps. The sensitivity of all the consid-
ered WK configurations increases steadily in the circumferential
direction, except for WK3 (Fig. 8), as the secondary flow devel-
ops. The coefficients can change up to 14% while modifying the
inlet condition, as illustrated for KWK1 at h ¼ 120 deg. The coeffi-
cients for WK1 and WK4 show minimum fluctuation, below 4%,
till h ¼ 45 deg. KWK3 is affected by the nearby presence of the
stay vane and shows the least change (< 2%) when it is located
between the stay vanes, i.e., at h ¼ 45 deg, 75 deg, and 105 deg,
indicating good locations for measurement.

The parameter KWK4 was also the most stable configuration
when changing the inlet conditions. The smallest deviation with

Fig. 6 Difference between the analytical discharge calculated
from Eq. (8) with respect to that predicted by CFD in the cross
sections for h 5 302120 deg. NI_BC and FP_BC refer to the nor-
mal inlet and the realistic inlet, respectively. The analytically
calculated discharge is greater than CFD discharge in all the
cross sections as it only accounts for the tangential velocity.

Fig. 5 Tangential and radial velocity profile along the valida-
tion line (shown in Fig. 1(b)) for the realistic inlet condition
(FP_BC). The experimental results are from Ref. [16]. The error
bar in the experimental results is assumed to 1% of the value
which is reasonable for LDA measurements.
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Fig. 7 Normalized velocity moment ruh at cross section h 5 30 deg and h 5 105 deg for the nor-
mal inlet (NI_BC) and the realistic inlet (FP_BC) inlet boundary condition showing the close-
ness to the free vortex theory. ruh is normalized with ruh at r �5 0:5. The theory requires all the
lines to be straight: (a) line P35 (WK3), (b), line P15 (WK1), and (c) line P47 (WK4).

Fig. 8 Variation of WK coefficient, KWK, calculated from Eq. (1) with n 5 0.5 in the cir-
cumferential direction from h 5 30 deg to 120 deg. NI_BC and FP_BC refer to a normal
inlet and realistic inlet, respectively.
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the WK4 configuration indicates that this configuration is the least
sensitive to the upstream flow changes. The largest deviation
occurred for KWK2 (� 8%) where one of the pressure taps lies in a
stagnation zone at a stay vane leading edge (see Fig. 3(b)). In gen-
eral, KWK is less sensitive to the inlets in the beginning of the SC
curve around h ¼ 30–45 deg, but the location should be toward
the bottom of an SC and not in front of the stay vanes. However,
the accessibility of the pressure taps on site also determines good
locations for WK measurement.

3.3 Effect of Inlet Boundary Condition. The higher discrep-
ancy in KWK along the circumferential direction in Fig. 8 is

mainly due to the change in the velocity magnitude of the second-
ary flow. The nature of the secondary flow development inside an
SC can be influenced by several factors like inflow, outflow, con-
tinuous reduction in cross-sectional area and curvature along the
circumferential direction.

The changes in the flow distribution inside the SC due to the
change in inlet conditions were studied. The terms in the steady
radial component of the Reynolds-averaged Navier–Stokes equa-
tion in the differential form, Eq. (9), were considered at the three
lines corresponding to the WK configurations indicated in Fig.
3(b). Results of this analysis are plotted in Fig. 9. For the velocity
field ur; uh; uzð Þ, where r, h, and z correspond to the radial, tangen-
tial, and axial components, the equation can be written as

(9)

Fig. 9 Variation of the different terms in the radial component of the NS equation for the normal inlet (NI_BC) and the realistic
inlet (FP_BC) cases for the WK configuration at h 5 30 deg. The legend for all figures is placed at the central plot. r2ri /ro2rið Þ,
where r i is the radial coordinate at the inner wall and ro is the radial coordinate at the outer wall of the SC. The NI_BC condition
was also simulated with Euler condition and represented as NI_BC (Euler setup) to study the effects of turbulence and
viscosity.
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where r2 is the Laplacian operator.
The convective terms of Eq. (9) and its representation as
aconvective terms in Fig. 9 are obtained by creating the expressions in
the postprocessing. The Cartesian coordinates for variable b with
angle h were transformed into the radial coordinates by using the
coordinate transformation

@b
@r
@b
@h
@b
@z

2
66666664

3
77777775
¼

cosh sinh 0

�rsinh rcosh 0

0 0 1

2
664

3
775

@b
@x
@b
@y

@b
@z

2
66666664

3
77777775

(10)

The viscosity and turbulence terms were calculated as

uTurbulenceþviscosity ¼
1

q
@P

@r
� uh

2

r
þ aconvective terms (11)

For all the lines considered, the centripetal acceleration, u2
h=r; was

compared with the radial pressure gradient divided by the fluid
density, ð1=qÞ@P=@r. The free vortex theory requires a balance
between the two terms. A balance for those terms is achieved
toward the SC outer wall (r� ! 1) and toward the bottom of the
SC, but there is a noticeable difference on the inner wall (r� ! 0)
and toward the top of the SC, see Fig. 9. This difference is bal-
anced by the convective terms, denoted by aconvective terms, at line
P35 and line P15, Figs. 9(a)–9(f). Furthermore, toward the bottom
of the SC at line P47, the convective terms are almost absent for
both inlets (Figs. 9(g)–9(i)), although the convective term is
influencing the pressure gradient toward the middle region (r� ¼
0.4–0.9) for FP_BC, see Fig. 9(i). All other terms than the centrip-
etal acceleration contribute to the secondary flow, which is partic-
ularly strong toward the top and the inner wall of the SC.

3.3.1 Effect of Turbulence and Viscosity. Overall, the effect
of viscosity and turbulence is negligible on the flow. The effects
are visible near the walls. This is shown at different lines by com-
paring Figs. 9(a) and 9(b), 9(d) and 9(e), and 9(g) and 9(h). On
the upper part of SC, the viscosity and turbulence contribute to

Fig. 10 Tangential velocity contours normalized by the bulk velocity. Velocity vectors are rep-
resented by the black arrows. Pressure points for the respective WK considered are shown in
the right figure, i.e., in FP_BC inlet.

Fig. 11 Turbulence kinetic energy at the cross section
h 5 30 deg for the normal inlet (NI_BC) and the realistic inlet
(FP_BC). The plane is just in front of a stay vane. Pressure
points and the lines for the respective WK considered are
shown in the right figure, i.e., in FP_BC inlet.

Fig. 12 Total vorticity (s21) per unit area at the considered
cross-sectional planes. The values presented are normalized by
the maximum value i.e., at h 5 120 deg for NI_BC inlet.
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decrease the centripetal acceleration term rapidly when r� ! 0,
see the dash-dotted lines denoted by uturbulenceþviscosity in Figs.
9(a)–9(c). The effect of viscosity is particularly strong at the inner
radius for the line P35, which is toward the top wall of SC, which
reduces the tangential velocity. This flow behavior was also
shown in Fig. 5. The r� ! 0 region is located near the runner.
Therefore, the radial velocity in this region increases rapidly in
the radial direction, denoted by aconvectiveterms in the figures. This
behavior has been previously observed in both experimental and
numerical studies [16,25]. This phenomenon balances the radial
pressure gradient and is the reason for the KWK3 coefficient in
Fig. 4 to be almost equal for NI_BC with and without viscous
effects. In other words, the unbalance between the centripetal
acceleration and the pressure gradient creates a secondary flow.
Figure 10 shows the normalized tangential velocity contours and
the velocity vectors representing the secondary flows. In general,
the secondary flow is higher toward the walls for both the inlet
conditions, where the tangential velocity is lower. This flow also
helps to transport low energy fluid in the boundary layer toward
the distributor. This kind of flow behavior was also remarked in
the circular cross-sectioned spiral case used in the experimental
work from Kurokawa and Nagahara [8].

The nature of this flow behavior is also similar along the line
P15 (Figs. 9(d)–9(f)). The only difference is the radial velocity,
which increases rapidly in the radial direction at line P35. But at
line P15, the radial velocity and its gradient increase both in the
axial and radial directions toward r� ! 0 (not shown). The axial
velocity and its gradient are also higher toward r� ! 0 in the
P15 line, which agrees with the experimental results in Ref. [16].
Therefore, the convective terms increase rapidly and significantly
contribute to the radial pressure gradient.

The term uturbulenceþviscosity is negative toward r� ! 0 at line
P15, presented in Fig. 9(d). For this reason, the centripetal accel-
eration term does not decrease in the boundary layer. The convec-
tive term is large and balances the radial pressure gradient.
Moreover, the uturbulenceþviscosity term has higher negative values
toward the inner radius at line P15 in NI_BC and FP_BC cases
(Figs. 9(e) and 9(f)). The negative value of this term is due to the
sign convention, radial velocity is negative toward the center (see
Fig. 1(b)), and higher radial velocity gradient toward r� ! 0. The
terms @ur=@r and @ur=@z have higher negative values toward
r� ! 0. Therefore, the Reynolds stress term like �u0ru

0
r also

becomes negative. The negative Reynolds stresses toward the
inner radius are observed in curved pipes; for example, in 90-deg
curved square duct, Taylor et al. [26], and circular-sectioned
90-deg bend, Sudo et al. [27]. Further, these terms along with the
turbulence kinetic energy are higher in the FP_BC than the
NI_BC inlet condition, see Fig. 11. As the turbulence strongly
depends on the inflow conditions, it significantly changes the
mean flow behavior inside an SC.

Further, the turbulence and the viscosity decrease the tangential
velocity and thus the pressure gradient toward the inner radius at
line P47. Therefore, KWK is slightly higher at the WK4 location
for NI_BC than with the Euler setup, see Fig. 4.

3.3.2 Secondary Flows. The secondary flow increases in the
circumferential direction and is also dependent on the inlet bound-
ary conditions. The intensity of the secondary flow can be quanti-
fied by the total vorticity. The vorticity per unit area, X, in the
respective cross-sectional area A is calculated by

X ¼ 1

A

ð
A

@uz

@r
� @ur

@z

� �
dA (12)

The total vorticity at the considered planes increased in the cir-
cumferential direction for both inlets (Fig. 12). The increase in
secondary flow in the circumferential direction was also observed
in the works from Kurokawa and Nagahara [8] and Shyy and Vu
[28].

4 Conclusions

The WK coefficient is sensitive to inflow conditions and the dif-
ferential pressure tap locations. For the SC type considered in this
paper, the most stable WK configurations were found to be WK4
from h ¼ 30 deg to 45 deg, and WK3 when placed between the
stay vanes (i.e., h ¼ 45 deg, 75 deg, or 105 deg). The WK2 and
the WK3 configurations are not reliable for the method when the
inner pressure tap is placed in front of a stay vane. The WK coeffi-
cients were stable if the free vortex theory is nearly satisfied, e.g.,
KWK4 at h ¼ 30 deg. The analytically calculated discharge was
higher than the CFD-predicted discharge suggesting that the flow
in SC is highly three-dimensional. The discrepancy increases in
the circumferential direction as the strength of the secondary flows
(particularly radial velocity) becomes stronger. The strength of
those is mainly governed by SC geometry as well as inflow condi-
tions. As the WK method has very good repeatability, is relatively
cheap and easy to implement, and can provide global information
about the flow, the authors recommend using the WK method.
However, the locations of the differential pressure taps should be
chosen cautiously to maximize its usefulness and judgment must
be exercised when assessing the sensitivity of the method. Further
investigations are planned to incorporate downstream geometry
and type of runner.
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Nomenclature

KGeo ¼ geometrical WK constant, m3.5/kg0.5

KWK ¼ WK coefficient, m3.5/kg0.5

n ¼ WK exponent, nondimensional
r ¼ radial location from the center, m

r� ¼ dimensionless radius, (r � ri=ro � ri)
ri ¼ radius at inner wall of SC, m
ro ¼ radius at outer wall of SC, m
u ¼ velocity component, m/s

yþ ¼ dimensionless wall distance

Greek Symbols

DP ¼ differential pressure, Pa
h ¼ angular distance, deg
l ¼ dynamic viscosity, kg/m/s
q ¼ density, kg/m3

@P=@r ¼ radial pressure gradient, Pa/m
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Abstract. The Winter-Kennedy (WK) method is a widely used index testing approach, which 
provides a relative or index value of the discharge that can allow to determine the on-cam 
relationship between blade and guide vane angles for Kaplan turbines. However, some 
discrepancies were noticed in previous studies using the WK approach. In this paper, a numerical 
model of a Kaplan model turbine is used to study the effects of upstream and downstream flow 
conditions on the WK coefficients. Experiment on the model turbine is used to validate unsteady 
CFD simulations. The CFD results show that the inflow condition affects the pressure 
distribution inside the spiral casing and hence the WK results. The WK coefficients fluctuate 
with high amplitude - suggesting using a larger sampling time for on-site measurement as well. 
The study also concludes that to limit the impact of a change in runner blade angle on the 
coefficients, the more suitable WK locations are at the beginning of the spiral casing with the 
inner pressure tap placed between stay vanes on the top wall. 

1. Introduction 
Hydropower is developing in a steady growth trend with 1246 GW global installed capacity by now and 
31.5 GW installed in 2016 alone [1]. Most of the new developments are taking place in South America, 
East Asia and Pacific regions, while major refurbishments and modernization projects are undergoing 
in North America and Europe. This renewable energy source is among the cheapest renewable energy 
sources due to its long lifespan and low operating and maintenance cost. The hydro-mechanical parts of 
the hydropower station generally last for about four decades and then they are either overhauled or 
replaced, depending on the economic analysis. 

Efficiency measurements are usually performed after refurbishments. While it is relatively 
straightforward to measure efficiency on the high head machines due to several code-accepted absolute 
methods, like the ones mentioned in the IEC field testing code [2], similar measurements on the low 
head machines remain a challenge. The main difficulty regarding efficiency lies in the discharge 
measurement and are linked to the absence of an established flow profile and continuously varying 
cross-sections at the inlet. Among several relative methods, the Winter-Kennedy (WK) method is widely 
used to determine the step-up efficiency before and after refurbishment on the low heads. The WK 
method utilizes features of the flow physics in a curvilinear motion. A pair of differential pressure taps 
is placed at different radius in a section of the spiral casing (SC). The method follows the relation for 
the discharge 𝑄𝑄 as: 
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𝑄𝑄 = 𝐾𝐾WK∆𝑃𝑃𝑛𝑛      (1) 
where 𝐾𝐾WK is the WK coefficient and 𝑛𝑛 is an exponent whose value varies from 0.48 to 0.52 [2]. ∆𝑃𝑃 is 
the differential pressure between the outer and inner pressure taps placed on the SC. It is also common 
to install another pair of taps in other radial location and to use the one that provides the best fit with the 
expected behaviour.  

1.1. Previous works 
Although the WK method has a very good repeatability, it is known to sometimes produce erroneous 
results. The possible causes of this behaviour are reviewed by Baidar et al. [3]. The review shows the 
local flow changes in the SC are mainly attributed to change in inflow conditions, corrosions, surface 
roughness, or change in geometry. Kercan et al. [4] concluded that the method is unacceptable for 
guaranteed efficiency measurement because the inlet flow conditions strongly disturb differential 
pressure measurements, therefore, the authors qualified WK results are unstable and unreliable. The 
sensitivity of inlet conditions and guide vane opening angle was also presented by Nicolle and Proulx 
[5]. The authors in [5] showed that sufficient flow homology cannot be always achieved and therefore 
the WK coefficient changes. A detailed study on how the inlet conditions can change the flow physics 
and its effect on the WK method is presented by Baidar et al. [6]. As the method relies on the free vortex 
flow, the centrifugal force should balance the radial pressure gradient. Apart from the centrifugal force, 
the three-dimensionality flow nature in SC causes the pressure gradient to be balanced due to secondary 
flows as well. The authors in [6] also show that the most suitable locations for the inner WK tap are at 
the beginning of SC and between stay vanes to minimize the influence of inflow conditions.  
 
1.2. Scope of the present work 
As flow conditions can change due to the presence of upstream geometry, the full turbine model 
including full penstock and the upper tank was built and simulated. The initial study includes the effect 
of the upstream geometries on the WK method. 

Further, during an experimental campaign [7] following the refurbishment of the runner, a ~ 2% 
error was observed while using the same coefficient for the old and new runners. This raises questions 
on whether the geometry changes downstream of SC can also affect what happens inside the SC. To 
answer this question, a Computational Fluid Dynamics (CFD) model of a low head Kaplan turbine was 
built. The downstream geometry change of the runner was approximated by considering the runner at 
two different blade angles, one is at best efficient point (BEP) and other is at 5° closed position with 
respect to the BEP point. The case with 5° closed position from the BEP is termed as BEP-5° hereinafter. 
Therefore, two different propeller configurations were considered for the study allowing two discharge 
conditions for the same guide vane angle.  

2. Test case and numerical model 
The turbine of Hölleforsen hydropower plant located in Sweden is considered here. The plant is 
considered as low head with a head of 27 m and a discharge of 230 m3/s. The 1:11 scale model of the 
prototype, which has 0.5 m runner diameter, 4.5 m head, 0.522 m3/s discharge and 595 rpm rotational 
speed at its BEP is used in this study. The previously conducted scale model WK experimental data are 
used to validate the numerical results presented in this study. 
  
2.1. Numerical methods 
The computational domain is shown in figure 1. Two turbine models: the full penstock (FP) model and 
the half penstock (HP) model were developed. The utilization of these models is described afterward. 
The FP model includes an upper tank whereas the HP model is cut somewhere in the middle of the 
penstock. The tank in the FP model was also present in the model test rig and was connected to an upper 
pressure tank, therefore, it doesn’t contain free surface. For both models, there are four subdomains: a 
penstock (full or half) with a semi-spiral casing (SSC), a distributor with 10 stay vanes (SVs) and 24 
guide vanes (GVs), a Kaplan runner with 5 blades and an elbow draft tube. The software ICEM CFD 
was used to create unstructured hexahedral meshes for all the domains.  
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CFD simulations were performed using ANSYS CFX. The Unsteady-Reynolds-averaged Navier-
Stokes (URANS) equations were utilized for the simulations. The ‘High Resolution’ spatial 
discretization scheme was used, in which the discretization was achieved by varying the blend factor 
from 0.0 to 1.0 based on the local solution field. The second order backward Euler scheme was used to 
discretize time. A mass flow of 522 kg/s was imposed at the inlet of the FP model to study the effect of 
upstream geometry, whereas the constant total pressure, which approximates a constant head, was used 
to study the effect of different runner blade angle. For both cases, the outlet was defined as an opening. 
The convergence criterion on the root mean square (RMS) residual was set to 1e-5 and various 
parameters including 𝐾𝐾WK for all the WK configurations were monitored to ensure convergence. 

The runner was in a rotating frame of reference while all other domains were stationary. Therefore, 
the runner was defined as a rotating domain with a rotational speed of 595 rpm. The general grid 
interface (GGI) method was used to connect the mesh between the domains. Two transient rotor-stator 
interfaces were used between stationary and rotating domains. All the simulations were performed using 
Menter’s two-equation shear stress transport (SST) model [8] using automatic wall treatment.  
 

 
Figure 1. Computational domain: full penstock (FP) model in (a) and half penstock (HP) model in (b). 
Both domains consist of a penstock with or without an upper tank, a distributor with 10 SVs and 24 
GVs, a runner with 5 blades and an elbow draft tube. 

2.2. WK configurations 
Seven different circumferential locations of the SSC were chosen from 𝜃𝜃 = 30° to 120° and four WK 
configurations: WK1 to WK4 were considered at each circumferential section. The location of the 
respective pressure points and the related WK configurations are shown in figure 2. 

 
Figure 2. Top view of the SSC showing WK locations from 𝜃𝜃 = 30° to 120° used in the study (a). A 
cross-section of the SSC at an angle 𝜃𝜃 with four WK configurations, WK1 to WK4, are shown in (b), 
where the differential pressures ∆𝑃𝑃 for WK1, WK3 and WK4 are calculated by the pressure difference 
between the outer average pressure, i.e. 𝑃𝑃657𝑎𝑎𝑎𝑎𝑎𝑎 =  (𝑃𝑃5 + 𝑃𝑃6 + 𝑃𝑃7)/3  and the inner pressure point 
(𝑃𝑃1, 𝑃𝑃3 or 𝑃𝑃4).  WK2 is located at 𝜃𝜃 = 30°, 60°, 90° and 120° where ∆𝑃𝑃 is the pressure difference 

Tank + Penstock 

Semi-spiral casing (SSC) 
Distributor 

Runner 

Draft tube 

a) Full Penstock (FP) model b) Half Penstock (HP) model 
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between 𝑃𝑃1 and 𝑃𝑃2. Further, the lines representing the respective WK configurations are also shown in 
(b). Figure is adapted from [6]. 

In this study, the WK coefficient 𝐾𝐾WK is calculated from equation (1), with the exponent 𝑛𝑛 = 0.5. 
For WK1, WK3 and WK4, the differential pressures ∆𝑃𝑃 is calculated by the pressure difference between 
the outer average pressure, i.e. 𝑃𝑃657𝑎𝑎𝑎𝑎𝑎𝑎 =  (𝑃𝑃5 + 𝑃𝑃6 + 𝑃𝑃7)/3  and the inner pressure point (𝑃𝑃1, 
𝑃𝑃3 or 𝑃𝑃4). The WK2 configuration is located at 𝜃𝜃 = 30°, 60°, 90° and 120° where ∆𝑃𝑃 is the pressure 
difference between 𝑃𝑃1 and 𝑃𝑃2 points. WK2′ is also considered when there is no SV (i.e. at 45°, 75° and 
105°). For WK2′ the outer pressure is from 𝑃𝑃657𝑎𝑎𝑎𝑎𝑎𝑎 and the inner pressure point is 𝑃𝑃2′, which is located 
on the top wall of the SC at the same radial distance as 𝑃𝑃2, but in between stay vanes. Further, the 
pressure difference ∆𝑃𝑃 is considered per 100 Pa or 1 mbar to calculate the WK coefficients presented. 
 
3. Effect of inlet flow conditions using the Full Penstock (FP) model 
3.1. Grid studies 
Two sets of grids were considered to study whether the solution was mesh independent. The study 
involved the FP model shown in figure 1(a) and the grid parameters for Grid 1 (G1) and Grid 2 (G2) 
shown in table 1.  

Table 1. Grid densities used in the study. G1 is finer and G2 is 
relatively coarse mesh. 

Sub-domain G1 (in million) G2 (in million) 
Penstock + SSC 4.36 2.64 
Distributor 4.86 2.52 
Runner 3.75 1.74 
Draft tube 5.00 2.27 
Total 17.70 9.17 

 
The URANS simulations were initialized with a steady solution and ran for about 400 s. A time 

step of 0.10224 s corresponding to 365° of runner rotation was chosen to save on computational time 
and resources. The four 𝐾𝐾WK at 𝜃𝜃 = 45° were considered for the mesh test (figure 3). Instantaneous 
coefficients fluctuations along with cumulative average results are presented in the figure. Overall, the 
mesh test shows satisfactory results of G2 with no significant difference in average value for three of 
the four coefficients. However, for WK2′, the deviation is around 2%. The G1 mesh is considered in 
this study and a similar mesh density was also validated in a previous study [6].  

 

 

Figure 3. Grid studies for WK1-
WK4 at 𝜃𝜃 = 45°. G1 is finer grid 
and G2 is a comparatively coarse 
grid. Both instantaneous and 
cumulative average coefficients are 
presented. The instantaneous values 
show high fluctuations whereas the 
cumulative averaged values show 
satisfactory results for the two 
grids. The figure also shows a 
necessity of a longer sampling time 
to statistically analyze the results.  
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3.2. Validation studies 
The comparison between 𝐾𝐾𝑊𝑊𝑊𝑊 coefficients from the numerical results and experimental data is presented 
in figure 4. The error bar in the figure shows the standard deviation in the data. The figure also shows 
the CFD result from the steady state simulation using the HP model from a previous study [6]. The 
numerical coefficients seem accurate for WK1 and WK4. One of the reasons that could explain why 
WK3 has a larger discrepancy is that the exact pressure taps location from the experiment is not known. 
Since the inner pressure tap (𝑃𝑃3) is located near the stay vanes in a region of relatively high pressure 
gradient, it could be more sensitive. No data is available for WK2.  
 

 

 
 
 
 
 
 
 
Figure 4. WK coefficients 𝐾𝐾WK calculated from 
equation (1) for the FP model and comparison 
with the experimental data. The CFD-HP-steady 
refers to the HP model with steady simulation 
from Baidar et al. [6]. The error bar represents the 
standard deviation. 
 

3.3. Flow behavior 
The flow in the spiral casing is complex and can be influenced by the upstream geometry. For example, 
the upper tank considered in this study introduces some large-scale unsteadiness in the SSC elbow region 
as shown by the streamlines in figure 5. In the figure, the unsteadiness seems to affect the secondary 
flow behavior at a cross-sectional plane of the SSC as well.  As we will see in the next section, this 
effect propagates downstream in the SSC. 

 
Figure 5. Velocity streamlines showing the flow condition is changing with time due to the unsteady 
vortex at the tank. The figure also shows the secondary flow characteristics at the cross-sectional plane 
of the SSC at 𝜃𝜃 =30°.  

3.4. Flow distribution around the distributor 
As the distributor counts 24 GVs, an ideal distribution of the flow would result in an average of 4.17% 
per GV sector. In figure 6(a), we can see that there is flow deficit at the beginning of the SSC, see sector 
2-4 and some overflow in the upstream sectors: 18, 20 and 22.  This trend is observed for both the FP 
and HP models. However, as we can see in figure 6(b) with an instantaneous flow distribution of the FP 
model at two different times, the discharge on some sectors can be affected by large scale fluctuations 

t = 195 s t = 417 s 
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coming from the intake. This is a further indication that the flow in the SSC is unsteady and can change 
with the inflow conditions. 

 

 

 
 
 

  
Figure 6. Normalized radial discharge in percentage from the GV sectors showing the flow distribution 
(a). The figure shows the discharge at two time instants (𝑡𝑡 = 195 s and 𝑡𝑡 = 417 s) for the FP model, the 
HP model, and ideal flow distribution.  The deviation in discharge (%) in each GV sector with respect 
to the ideal distribution is presented in (b). It indicates the flow in the SSC is unsteady and can change 
with inflow conditions. 

A closer look at the velocity contours at the distributor central plane is presented in figure 7. The 
lower discharge in some sectors (2 to 4) of the SSC can be explained by the higher losses caused by 
large stay vane wakes. This shows that the stay vanes’ profile or alignment is not optimal in this turbine. 

 

 

 

Figure 7. Contour plot in the mid-
span of GV showing the velocity 
normalized with the bulk velocity. 
Velocity vectors are also presented 
in the figure. The figure shows the 
SV profile or alignment is not 
optimal in this turbine. 

4. Effect of different runner blade angles 
The effect of different runner blade angles on the WK method was studied as a mean to simulate a runner 
replacement. The runner at two different blade angles was considered: BEP and 5° closed position with 
respect to the BEP point which is termed as BEP-5°. It resulted two discharge conditions: 0.523 m3/s 
for BEP and 0.425 m3/s for BEP-5°. For both cases, the GV angle was kept constant. A constant shroud 
tip gap of 1.18 mm, ~ 0.9% of the blade span, was considered and 15 mesh nodes were allocated at this 
gap. The operating conditions for the two cases are shown in table 2. In the table, the efficiency of the 
turbine 𝜂𝜂 and the pressure recovery factor 𝐶𝐶𝐶𝐶𝑟𝑟 are defined by the following relations: 

𝜂𝜂 =  𝑃𝑃𝑡𝑡_𝑜𝑜𝑜𝑜𝑡𝑡
𝜌𝜌𝑎𝑎𝜌𝜌𝜌𝜌

      (2) 

a) b) 
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𝐶𝐶𝐶𝐶𝑟𝑟 =  𝑝𝑝𝑜𝑜𝑜𝑜𝑡𝑡:𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤−𝑝𝑝𝑖𝑖𝑖𝑖:𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
1
2𝜌𝜌�

𝜌𝜌
𝐴𝐴𝐼𝐼𝑤𝑤� �

2        (3) 

where 𝑃𝑃𝑡𝑡_𝑜𝑜𝑜𝑜𝑡𝑡 is the power output of the turbine, 𝜌𝜌 is the water density, 𝐻𝐻 is the net head. 𝐶𝐶𝑜𝑜𝑜𝑜𝑡𝑡:𝑤𝑤𝑎𝑎𝑤𝑤𝑤𝑤 is the 
averaged static wall pressure from 11 pressure points placed at the draft tube outlet and 𝐶𝐶𝑖𝑖𝑛𝑛:𝑤𝑤𝑎𝑎𝑤𝑤𝑤𝑤 is the 
averaged static wall pressure from six pressure points placed below the runner. 𝐴𝐴𝐼𝐼𝑎𝑎 is the water passage 
cross-sectional area after the runner where the 𝐶𝐶𝑖𝑖𝑛𝑛:𝑤𝑤𝑎𝑎𝑤𝑤𝑤𝑤  pressure points for 𝐶𝐶𝐶𝐶𝑟𝑟  are located. The exact 
coordinates of the pressure points that were used to calculate 𝐶𝐶𝐶𝐶𝑟𝑟 may be found in Andersson et al. [9]. 

Table 2. Operating conditions for the study. Blade angle change case is denoted by BEP-5°. The GV 
angle is constant for both cases. 𝑄𝑄, 𝜂𝜂, and 𝐶𝐶𝐶𝐶𝑟𝑟 values are from numerical solution. 
Operating 
cases 

GV 
angle 
𝛼𝛼 
(°) 

Runner blade angle 
difference 
𝛽𝛽 − 𝛽𝛽𝐵𝐵𝐵𝐵𝑃𝑃 

(°) 

Discharge 
 
𝑄𝑄 

(𝑚𝑚3/𝑠𝑠) 

Efficiency 
difference 
𝜂𝜂 − 𝜂𝜂𝐵𝐵𝐵𝐵𝑃𝑃 

(%) 

Pressure 
recovery 
𝐶𝐶𝐶𝐶𝑟𝑟 
(-) 

BEP 29.5 0 0.523 0 0.95 
BEP-5° 29.5 -5 0.425 -1.9 0.88 

4.1. Time step test 
Three time-steps were investigated at BEP. The time-steps correspond to 5°, 77° and 149° runner 
rotations. The idea behind chosen values is to utilize the expected runner blade flow passage periodicity 
to increase the simulation speed. Therefore, a time step of Δ𝜃𝜃 = 149° corresponds to 2 runner passages 
plus 5° and equals 41.734 ms physical time and similarly, Δ𝜃𝜃 = 77° corresponds to 1 runner passage 
plus 5° and equals 21.569 ms. The reference time step here corresponds to Δ𝜃𝜃 = 5° and equals 1.4 ms. 
𝑄𝑄, 𝜂𝜂, 𝐶𝐶𝐶𝐶𝑟𝑟, and four coefficients: 𝐾𝐾WK1 to 𝐾𝐾WK4 at 𝜃𝜃 = 45° were also considered, see table 3. The values 
were averaged over the time period equals to 38, 193 and 182 runner rotations for 5°, 77° and 149° time 
steps.  

Table 3. Time step study in the simulation for the BEP case. 
Parameters Δ𝜃𝜃 = 149° Δ𝜃𝜃 = 77° Δ𝜃𝜃 = 5° 
Discharge, 𝑄𝑄 (𝑚𝑚3/𝑠𝑠) 0.523 0.523 0.523 
Efficiency, 𝜂𝜂 (%) 86.7 86.9 87.2 
Pressure recovery factor 𝐶𝐶𝐶𝐶𝑟𝑟 (-) 0.955 0.952 0.971 
𝐾𝐾WK1 0.1382 0.1383 0.1384 
𝐾𝐾WK2´ 0.1376 0.1377 0.1378 
𝐾𝐾WK3 0.1632 0.1632 0.1632 
𝐾𝐾WK4 0.1855 0.1855 0.1855 

The stabilized results of the four 𝐾𝐾WK coefficients considered at 𝜃𝜃 = 45° are presented in figure 8 
for 10 runner rotations. The dominant frequencies captured with Δ𝜃𝜃 = 5° can be related to the blade 
passing frequency and the rotating vortex rope (~ 0.17 runner frequency). The rotating vortex rope 
frequency is also noticed by using time steps equal to Δ𝜃𝜃 =77° and 149° in the figure. A similar rotating 
vortex frequency was also observed in the simulations conducted during Turbine-99 III workshop [10]. 
Further, the blade passing amplitude is larger when the inner pressure point is nearer to the runner, see 
WK2′ and WK3 in figure 8. A better convergence was achieved with the time step correspond to 
Δ𝜃𝜃 =77° than Δ𝜃𝜃 =149°. As the chosen time steps don’t have much influence on the averaged 𝐾𝐾WK 
coefficients, further simulations were conducted using the time step corresponding to Δ𝜃𝜃 =77° runner 
rotation to save on the computation time and resources. 
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Figure 8. Time step test for the HP model for the BEP at 𝜃𝜃 = 45°. The time 
steps (𝛥𝛥𝜃𝜃) are presented in terms of runner rotation in degrees.  

4.2. Change on the WK coefficients, 𝐾𝐾𝑊𝑊𝑊𝑊 
It was previously shown in [6] that the 𝐾𝐾WK can be affected when the inlet flow condition is modified 
and that the various circumferential sections do not have the same level of sensitivity. The effect of 
different runner blade angles on the flow conditions in the SSC is studied here. 

The HP model was considered using the constant head by imposing inlet total pressure. This inlet 
condition was generated by simulating the FP model and extracting the total pressure with velocity 
profile file at the inlet location of the HP model. In this way, a realistic inlet condition was achieved. 
The exported file was used as a total pressure inlet profile for both cases, BEP and BEP-5°. Therefore, 
an almost constant head was kept (some variation at the draft tube outlet can explain the offset) and the 
mass flow was a product of the simulation. The average net head changes between two cases is < 0.2%. 

The deviation on the 𝐾𝐾WK in different runner blade angle is shown in figure 9. The stable 𝐾𝐾WK 
coefficients were averaged for about 8.45 s which corresponds to about 83 runner rotations. The 
averaging was done to account the periodic fluctuation of the coefficients (shown in figure 8). The 
deviation of the 𝐾𝐾WK is < 0.5% until 𝜃𝜃 = 45° for all the considered configurations. However, the 
deviation increases towards the later part of the SSC (as 𝜃𝜃 increases) for WK1 and WK4. There is still 
a small deviation (< 0.5%) for WK2′ and WK3. 

To understand how the flow changes along the 𝜃𝜃 in the SSC, the average flow characteristics at the 
cross-sections in the SSC (shown in figure 2) from 𝜃𝜃 = 0° to 120° for the two considered cases are 
shown in figure 10(a) and 10(b). The figures are presented in the form of the normalized total 
pressure 𝑃𝑃∗ and the normalized static pressure 𝐶𝐶∗, given by equations (4) and (5): 

𝑃𝑃∗ = 𝑃𝑃�−𝑃𝑃𝑖𝑖𝑖𝑖𝑤𝑤𝑖𝑖𝑡𝑡
1
2� 𝜌𝜌𝑎𝑎02

       (4) 

𝐶𝐶∗ = 𝑝𝑝−𝑃𝑃𝑖𝑖𝑖𝑖𝑤𝑤𝑖𝑖𝑡𝑡
1
2� 𝜌𝜌𝑎𝑎02

      (5) 
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where, 𝑃𝑃� is the mass flow averaged total pressure, 𝑃𝑃𝑖𝑖𝑛𝑛𝑤𝑤𝑖𝑖𝑡𝑡 is the total pressure at the inlet, 𝐶𝐶 is the average 
static pressure and 𝑣𝑣0 is the bulk velocity for the respective case. Figure 10(a) shows a larger deviation 
in the total pressure as 𝜃𝜃 increases, noticeably after 𝜃𝜃 = 60°. It shows there is a higher loss at BEP-5° 
case compared to the BEP case, as the flow is departing from the BEP condition. The static pressure 
also shows larger deviation as 𝜃𝜃 increases, figure 10(b). 

 

 

Figure 9. Absolute deviation on the 𝐾𝐾𝑊𝑊𝑊𝑊 
at BEP-5° runner blade position with 
respect to BEP. The figure shows that 
there is larger deviation towards the later 
part of the SSC for WK1, WK3, and 
WK4. WK2′ and WK3 still show lesser 
deviation compared to WK1 and WK4. 
The figure suggests a better place to 
install WK pressure taps would be at the 
beginning of the SSC. 

 

 
Figure 10. Average flow characteristics for BEP and BEP-5° in the cross-section from 𝜃𝜃 = 30° to 120° 
of the SSC. 𝑃𝑃∗ shown in (a) and 𝐶𝐶∗ shown in (b) represent the normalized total pressure and the 
normalized static pressure according to equations (4) and (5), respectively. Some changes in the total 
pressure and static pressure are noticed at the later part of the SSC.  

The flow changes at the respective WK lines, shown in figure 2(b), at 𝜃𝜃 = 30° and 𝜃𝜃 = 90° are 
considered to study why the 𝐾𝐾WK coefficients have larger deviation as 𝜃𝜃 increases. Figure 11(a-c) shows 
the pressure distribution along the lines corresponding to WK3, WK1 and WK4. The pressure 
distribution does not change much for line 𝑃𝑃35 and line 𝑃𝑃15, see figure 11(a) and (b) respectively. 
However, for line 𝑃𝑃47 at 𝜃𝜃 = 90°, the pressure shows some changes in the inner side of the SSC, i.e. 
when 𝑟𝑟∗ → 0 in the right-hand side plot of figure 11(c). The changes in pressure can be explained by the 
velocity distribution shown in figure 12(a-c). The velocity components: axial 𝑣𝑣𝑎𝑎, radial 𝑣𝑣𝑟𝑟 and 
tangential 𝑣𝑣𝜃𝜃, show a similar distribution at the considered WK lines for 𝜃𝜃 = 30°, whereas, for 𝜃𝜃 = 90° 
some changes in the velocity distribution is particularly seen for line 𝑃𝑃47, see 𝑣𝑣𝑎𝑎 and 𝑣𝑣𝜃𝜃 distribution 
when 𝑟𝑟∗ → 0 in figure 12(c). It signifies that the flow distribution can change in the SSC with different 
propeller configurations and hence affect the pressure distribution. 



29th IAHR Symposium on Hydraulic Machinery and Systems

IOP Conf. Series: Earth and Environmental Science 240 (2019) 022038

IOP Publishing

doi:10.1088/1755-1315/240/2/022038

10

 
 
 
 
 
 

  

Figure 11. Pressure distribution along the 
respective WK lines for line 𝑃𝑃35 (a), line 𝑃𝑃15 (b) 
and line 𝑃𝑃47 (c) at 𝜃𝜃 = 30°and 𝜃𝜃 = 90°. The 
dimensionless radius 𝑟𝑟∗ is given by 𝑟𝑟∗ =
(𝑟𝑟 − 𝑟𝑟𝑖𝑖 𝑟𝑟𝑜𝑜 − 𝑟𝑟𝑖𝑖⁄ ), where 𝑟𝑟𝑖𝑖 is the radial coordinate 
at the inner wall and 𝑟𝑟𝑜𝑜 is the radial coordinate at 
the outer wall of the SSC where pressure points 
are located. 

 

Figure 12. Axial 𝑣𝑣𝑎𝑎, radial 𝑣𝑣𝑟𝑟 and tangential 𝑣𝑣𝜃𝜃 
velocity distribution at respective WK 
configurations for line 𝑃𝑃35 (a), line 𝑃𝑃15 (b) 
and line 𝑃𝑃47 (c) at 𝜃𝜃 =30° and 𝜃𝜃 = 90°. 𝑣𝑣0 is 
the bulk velocity for the respective cases. The 
axial velocity distribution shows some 
noticeable changes between the two cases for 
line 𝑃𝑃47 towards 𝑟𝑟∗ → 0, marked with the 
dashed-circle in (c). 

 Furthermore, to verify whether the effects of runner blade angle change shown above was due to 
the imposed inlet condition in the HP model, the FP model was simulated. A time step of ∆𝜃𝜃 = 365° 
(one runner rotation plus 5°) corresponding to 0.102241 s physical time for both cases. Since time step 
test was not conducted for this FP model, the HP model results were presented. However, the obtained 
results from the FP model showed that the coefficients follow a similar trend and the conclusions drawn 
with the HP model are still valid. 

 
5. Conclusion 
The results showed that the flow is unsteady in the spiral casing and the WK coefficient oscillates with 
high amplitude. The flow distribution around the runner changes with respect to time and with different 
inlet conditions. This suggests that slight modifications to inlet profile can be a prime factor in anomaly 
reported on the WK measurement. Furthermore, the study also showed that a long sampling time is 
required to statistically analyze the results. The second part of the study was focused on how the change 
in runner blade angle, a different propeller configuration, could affect the WK method. The study 
showed that the flow distribution and thus the WK coefficient was altered mainly in the later part of 
SSC, i.e. at higher 𝜃𝜃. Therefore, it would be better to place WK pressure taps at the beginning of SSC.  

Further research is required to see if the various findings presented in this paper are general to the 
WK method or are specific to this geometry.  
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A B S T R A C T

This work studies the effects of guide vane openings (GVOs) on the Winter-Kennedy (WK) flow measurement
method using CFD. The dependence of the WK coefficient with GVOs and its physical mechanism are presented.
Although the WK method is reported to be sensitive to different factors including GVO, it is still unclear to which
extent the GVO can be changed without modifying the WK coefficient significantly and the mechanism leading
to such modification, if any. A numerical model of a Kaplan model turbine with a semi-spiral casing is developed
and used to such purpose. Previously conducted experiments on the model turbine are used to validate the
numerical results. The magnitude and behavior of the secondary flow are investigated together with the WK
coefficients. The GVO is found to have an impact on the WK method, and the impact increases with the GVOs as
the flow structure change. A suitable location to minimize the impact of the GVO is suggested. Furthermore, the
theoretical WK constant with a suitable location and configuration are also presented; this can be useful in the
absence of the measured WK coefficient.

1. Introduction

With its long lifespan and low operating cost, hydroelectricity is
among the cheapest renewable energy sources. As most of the hydro-
power plants in Europe and North-America were largely developed
during the 1950s–1970s, many plants are undergoing modernizations
and major refurbishments while hydro-mechanical parts have served
their dutiful life. Other incentives for replacements include factors like
new regulations, safety, and environmental issues.

Efficiency measurements are usually performed after refurbish-
ments. Efficiency is the ratio of the electrical power output to the hy-
draulic energy available to the machine. Therefore, head and discharge
(flow rate) need to be determined. While the head can easily and ac-
curately be determined, the accurate determination of the discharge
remains a challenge. There are several methods accepted to measure
the discharge in turbines with mid to low specific speed, i.e., head
above ~ 50m. However, such measurements on low head machines,
with head below ~ 50m head, are complicated as the cross-sectional
area of the water-passage at the intake continuously varies and is short.

The Winter-Kennedy (WK) method is widely used to determine the
step-up efficiency before and after refurbishments based on relative
measurement of differential pressure. It also allows determining the on-

cam relationship between runner blade and guide vane angles for
double regulated machines, as in Kaplan turbines. The WK method was
initially described by Winter and Kennedy [1]. The method utilizes the
flow physics in a curvilinear motion. A pair of differential pressure taps
is placed at different radius in a section of the spiral casing. It is also
standard practice to install another pair of pressure taps in other lo-
cation and to use the one that provides the best fit with the predicted
behavior. In the WK method, the discharge Q( ) is related to the pressure
difference PΔ with the help of a coefficient and an exponent such as:

= ×Q K PΔ n
WK (1)

where KWK is a flow constant usually called as the WK constant/coef-
ficient and n is an exponent whose value varies from 0.48 to 0.52 [2].
The theoretical value of n is 0.5. The pressure difference PΔ is obtained
between the outer and inner pressure taps placed on the spiral casing.

The WK method has a good repeatability under similar conditions.
Isaksson et al. [3] reported a maximum deviation in efficiency of ~ 1%
using the method for repeated samples. The design of experiment
method was used on a 100MW Kaplan unit with a head of 32.5m and a
nominal discharge of 350m3/s. The maximum deviation was found to
be on the left side of the propeller curve at BEP, while on both sides of
the propeller curve at high load. A similar deviation was also obtained
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on the differential pressure PΔ to calculate the flow rate for a constant
GV opening angle after several repetitions. In another study conducted
by Lövgren et al. [4] in a homologous model Kaplan turbine, the
maximum standard deviation in the flow rate was found to be less than
0.65%. The largest deviation was observed at low discharge conditions.

The method is relatively cheap to implement and allow for con-
tinuous measurements. Therefore, it is widely used for index testing to
find the optimum relation between runner blade angle and guide vane
angles to achieve the highest performance of the machine considered.
However, the method has, sometimes, been reported as inconclusive as
the coefficient KWK can vary [5,6]. The possible factors causing the
erroneous results are mainly due to change in inflow conditions and
geometry change like runner and guide vanes (GVs). These factors are
reviewed in Baidar et al. [7]. A detailed numerical study on the influ-
ence of the inlet boundary condition and the pressure tap positions on
the WK method is presented by Baidar [8]. The authors show that the
secondary flow behavior can change with the inflow condition and de
facto affects the WK constant. Turbulence and viscosity effects were
found negligible on the method compared to the inertial effects. In a
numerical study conducted by Nicolle and Proulx [6], the sensitivity of
the WK coefficients to the inlet boundary conditions and guide vane
angles were studied. The authors concluded that the flow topology can
change, and sufficient flow homology cannot always be achieved,
leading to a modification of the coefficient KWK. A previous study
conducted by the authors [9] also shows that the runner blade angle
change can lead to different flow conditions in the spiral casing and
affect the WK method. The flow behavior was mainly changed in the
later part of the casing. However, the effects can be minimized by
placing the WK taps in appropriate locations. Moreover, in determining
the optimal cam of double regulated machines, the value of the ex-
ponent n is assumed constant and equal to 0.5 and the coefficient KWK is
determined. Such methodology was observed to have an impact on
determining the optimal conditions, see the experimental study on the
bulb turbines conducted by Adamkowski and Lewandowski [10].

Although the WK method is found to be sensitive to the GVOs, it is
still unclear to which extent the GVO can be changed without mod-
ifying the WK constant significantly as well as the mechanism leading to
such modification, if any. Therefore, this work aims to address it by
numerically investigating a wide range of GVOs on a Kaplan model
turbine. The turbine model is equipped with a semi-spiral casing (SSC).
The dependence of the WK constant with the GVOs and its physical
mechanism are presented; attention is given to the consequences on the
flow near the WK pressure point locations. Furthermore, the theoretical
WK constant with a suitable location for the WK measurement is re-
ported. This may be helpful in the absence of the measured WK constant
and the theoretical WK constant is required.

2. Test case and numerical model

The 1:11 scale turbine model of the Hölleforsen hydropower plant,
Sweden, is considered for this study. The prototype has a head of 27m
and a discharge of 230m3/s, which is considered as a low head plant.
The scale turbine model has a 0.5 m runner diameter. It is operated
under a 4.5 m head, 0.522m3/s discharge and 595 rpm at the Best
Efficiency Point (BEP). This model turbine was the test case of the
Turbine 99 workshop series [11,12]. It has also been utilized for ex-
perimental investigations of the WK method [13] and velocity mea-
surements in the SSC [14]. The previously conducted scale model ex-
perimental WK results are used to validate the numerical results
presented in this work.

2.1. Computational domain

The computational domain of the model is shown in Fig. 1. Two
turbine models: the full penstock (FP) model, Fig. 1(a) and the half
penstock (HP) model, Fig. 1(b) were developed. Both models consist of

a penstock with an SSC, a domain with 10 stay vanes (SVs), a dis-
tributor with 24 GVs, a runner with 5 blades and an elbow draft tube.
All the domains are composed of structured hexahedral meshes created
with the software ICEM CFD. The runner was part of a rotating domain
with a rotational speed of 595 rpm while all other domains were sta-
tionary.

The general grid interface (GGI) was used to connect the domains.
The GGI interface treats the interface fluxes fully implicit and fully
conservative in mass, momentum, energy, scalars providing maximum
robustness and accuracy [15]. A hexahedra mesh with periodic faces
was created for one GV passage, multiplied and rotated to create the
distributor. This ensures axial symmetry in the distributor. As the dis-
tributor consisted of 24 GVs, there were 24 interfaces with 1:1 mesh
connection between the interfaces of the GV passages. Therefore, all the
nodes' location on one interface side was same as the locations with all
the nodes on the other interface side. A similar approach was also used
for the runner but without the periodic faces. As the runner consisted of
five runner blade passages, five interfaces were present to create the
runner domain. The transient rotor-stator interface model was used
between the stationary and rotating parts of the turbine (distributor –
runner and runner – draft tube). The transient rotor-stator interface
accounts transient interaction effects between stationary and rotating
domains.

The mesh used for the HP model is composed of 18.1 million hex-
ahedral elements. Table 1 shows the mesh information for the turbine
components. The +y values presented in the table are for the BEP op-
erating condition. A mesh independency study was conducted on both
the FP model and the HP model in two previous studies [8,9] and
showed satisfactory results. For the FP model, the maximum deviation
on the WK coefficient was estimated to about 2% for one of the WK
configurations. The hexahedral mesh is shown in Fig. 2(a-c). Fig. 2(a)
shows overall hex mesh in the domains, Fig. 2(b) and (c) show the mesh
in the distributor and the runner, respectively. The mesh distribution
was kept unchanged for all GVOs investigated. For the runner blades, a
constant shroud tip gap of 1.18mm (~ 0.9% of the blade span) with 15
mesh nodes was used.

2.2. Model setup and boundary conditions

The commercial CFD code ANSYS CFX was used for the numerical
simulations. The unsteady Reynolds-Averaged Navier-Stokes (URANS)
equations were solved using a second order backward Euler scheme
with respect to time. The ‘High Resolution’ spatial discretization
scheme was considered for the convective term. This scheme uses a
varying blend factor from 0.0 to 1.0 based on the local solution field,
shifting from first to second order scheme. Menter's two-equation shear
stress transport (SST) model [16] with automatic wall treatment was
used to model turbulence. This wall treatment automatically switches
from a resolution of the flow near the wall to its modularization with a
wall-function adjusting to the local +y value, therefore blending the
wall value for the turbulent frequency between the log region and near
wall value. The SST turbulence model has shown satisfactory results in
terms of robustness, stability, and accuracy [17] and has been em-
ployed in previous hydraulic turbine CFD studies [18].

The FP model was utilized to create the inlet boundary condition for
the HP model. Initially, the FP model was simulated with a mass flow of
522 kg/s at the inlet and an opening boundary condition with a relative
pressure at the outlet of the draft tube. The water properties at 20 °C
were used in the simulations. The velocity orientation profile with total
pressure generated from the FP model simulation was then used as the
inlet boundary condition for the HP model. The location plane for the
generation of the inlet boundary condition is shown in Fig. 1. This
approach was necessary due to the presence of an unsteady vortex in
the upper corner of the tank. Therefore, this inlet profile contains sec-
ondary flows due to the upstream geometries, i.e. full penstock and
upper tank. A similar approach was used in a previous study [8];
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however, the runner and the draft tube were not modeled in that study.
Therefore, some changes in the inlet boundary profile than the previous
study can also be expected. The outlet boundary condition for the HP
model was kept unchanged. The mass flow (discharge) was a result of
the calculation. All the simulations were then carried out with the HP
model and a constant head. The convergence criterion for a time step
was reached when the root mean square (RMS) residual for the pressure
and mass momentum was lower than 1e−4. The unsteady simulations
were kept running until a stable solution was reached for the WK
coefficients and corresponding pressure values, therefore the iteration
errors are considered low. Other important variables like efficiency and
discharge were also monitored to ensure stable results.

2.3. WK configurations

Four WK configurations at seven different azimuthal angles of the
SSC were considered to study their sensitivity to different GVOs. The
locations of the WK configurations and their related pressure points are
presented in Fig. 3(a) and 3(b). The differential pressures PΔ in Eq. (1)
for the configurations WK1, WK3 and WK4 is calculated from the
pressure difference between the outer average pressure, i.e.,

= + +P P P P657 ( 5 6 7)/3avg and the inner pressure at P1, P3 and P4,
respectively. The pressure difference PΔ to calculate the WK coefficient
is considered as per 100 Pa (1mbar) to conform the experimental re-
sults. WK2 is located at =θ 30°, 60°, 90° and 120°, where PΔ is the
pressure difference between P1 and P2. Further, WK2' is considered at
=θ 45°, 75° and 105° where the outer pressure point is P657avg and the
inner point ′P2 is located on the top wall of the SSC at the same radius
as P2, but in between two SVs. So, the configuration of WK2′ is like
WK3; however, the inner pressure point ′P2 is nearer to the runner than
P3 point. This will help to study the effect of the radial location of the
pressure point on the WK constant and effects from the vanes, if any.
Note that ′P2 (WK2′) is not shown in Fig. 3(b) as the cross-section

represented in this figure is for =θ 30°.
Fig. 3(c) shows the cross-sectional area for the full wrap angle of the

SSC. The linear reduction rate of the sectional areas as a function of θ
suggest that the SSC is designed according to the constant velocity
moment approach, i.e., free vortex type.

2.4. Time step studies

The time steps of 5°, 77° and 149° runner rotations were in-
vestigated at BEP. As there are five runner blades, a time step of =θΔ
149° corresponds to 2 runner passages plus 5° and =θΔ 77° corresponds
to 1 runner passage plus 5°. The reference time step considered is =θΔ
5° which is equal to 1.4 ms physical time. The idea is to utilize the
expected runner blade flow passage periodicity to save on computa-
tional time and resources. This neglects the interaction between the
runner and the GVs but should be adequate since averaging is already
present in the WK approach. A similar time step approach was also
presented in a previous study by the authors [9]. In the study, a time
step corresponding to =θΔ 77° showed satisfactory results on the WK
coefficients and on other parameters like efficiency and discharge. The
deviation was found to be less than 0.2% compared to a reference time
step of =θΔ 5°. Iovănel et al. [19] also explored the possibility of using
larger time steps using a similar time step strategy. The numerical study
was conducted in a Kaplan turbine model during transient operation.
The authors showed the mean flow parameters are not influenced by
the time step size although a smaller time step captures pressure fluc-
tuation with large amplitudes.

The time step study conducted for the present test case showed
satisfactory results with a maximum deviation of ~ 0.3% for the effi-
ciency and a negligible deviation (~ 0.03%) for the discharge.
Furthermore, the influence of the time steps investigated in this study
on the determination of the WK coefficient, KWK, is shown in Fig. 4(a-d).
The figures are presented in terms of the deviation (%) on the

Fig. 1. Computational domain: full penstock (FP) model in (a) and exploded view of the half penstock (HP) model in (b). Both models consist of five domains: a
penstock with or without an upper tank, a stay vane domain with 10 stay vanes, a distributor with 24 guide vanes, a runner with 5 blades and an elbow draft tube.
The FP model was used to create the inlet boundary condition for the HP model and the study was conducted using the HP model.

Table 1
Mesh information for the HP model at BEP condition.

Domain HP + SSC SV Distributor Runner Draft tube

Total elements (million) 3.2 1.3 3.7 4.9 5
Min. element angle (°) 18 23 27 18 19
Max. element aspect ratio 503 596 650 138 172
Orthogonality (min, avg) 13, 72 27, 72 29, 69 23, 67 13, 67

+y (min, avg, max) 0.1, 38, 425 0.05, 6, 41 0.20, 21, 57 8, 69,170 0.6,13,60
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Fig. 2. Hexahedral mesh of the Kaplan model turbine: a) overall mesh, b) mesh in the distributor and c) mesh in the runner.

Fig. 3. Representation of the SCC and WK pressure taps. (a) Top view of the SSC showing the locations of WK cross-sections from =θ 30° to 120°. (b) WK pressure taps
configurations from WK1 to WK4 and the respective WK lines, except for WK2, are represented by dashed lines. (c) Variation of the cross-sectional area of the SSC
function of θ, where A0 is the area of the section at =θ 0°.
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coefficients with reference to a time step of =θΔ 5°. In the figure,
→θΔ 149 θΔ 5 represents the deviation obtained between =θΔ 149° and

=θΔ 5°, →θΔ 77 θΔ 5 represents the deviation obtained between =θΔ
77° and =θΔ 5°, and Steady → θΔ 5 represents the deviation between
the steady simulation results and =θΔ 5°. The coefficients values were
averaged over 14, 150 and 75 runner rotations for =θΔ 5°, =θΔ 77°
and =θΔ 149°, respectively. The steady results were averaged for 1500
iterations as the values were fluctuating with about 0.2%. The time step
study shows the maximum deviation does not exceed 0.32% for all the
considered WK coefficients. Moreover, the deviation for →θΔ 77 θΔ 5 is
lower than 0.2%, except for WK2′ at =θ 105° (see Fig. 4b). Therefore,
using the time step of =θΔ 77° should provide satisfactory results on
the average value of the coefficients.

The converged KWK coefficients values at =θ 45° for the considered

time steps are presented in Fig. 5. The results are shown for 10 runner
rotations. The frequency related to the rotating vortex rope, ~ 0.17 fr
where fr is the runner frequency, was observed for all the time steps
considered. A similar rotating vortex frequency was also presented in
the simulations conducted during the Turbine-99 III workshop [20].
The blade passing frequency =f f Zs r r , where Zr is the number of
runner blades, was captured with the time step of =θΔ 5°. A similar
result was also obtained in a previous study [9]. The average Courant
number with =θΔ 5°, 77° and 149° were 4, 63 and 119; whereas, the
maximum Courant numbers were 518, 7953 and 15,326, respectively.
The large values of Courant number were seen in the runner domain.
Although the Courant numbers seem to be high, a suitable convergence
was achieved with stable results. The maximum value of the RMS re-
siduals for the mass and momentum equations with the time steps of

Fig. 4. Influence of the time step investigated in this study on the determination of the WK coefficients. The deviations (%) are calculated with reference to the
reference time step of =θΔ 5° which corresponds to 1.4 ms. The deviation shown by →θ θΔ Δ149 5 is the difference in KWK value between =θΔ 149° and =θΔ 5°,

→θ θΔ Δ77 5 is the difference between =θΔ 77° and =θΔ 5°, and Steady → θΔ 5 is the difference between the steady results and =θΔ 5°.

Fig. 5. Evolution of the WK coefficients, KWKs, at =θ 45° for a time period equivalent to 10 runner rotations. The time steps ( θΔ ) are presented in terms of the runner
rotation in degrees. The reference time step of =θΔ 5° corresponds to 1.4 ms.
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=θΔ 5° and 77° were below 1e−4, whereas above 1e−4 with the time
step of =θΔ 149°. In the steady simulations, the RMS residuals for the
mass and momentum were above 1e−4. A better convergence of the
RMS and maximum residuals was achieved with the time step of =θΔ
77° than with =θΔ 149°. Although the time step corresponding to =θΔ
5° resulted in the lowest value on the residuals, the time step of =θΔ 77°
( =tΔ 21.569ms) also showed satisfactory result and therefore was
chosen for further studies to save on computational time and resources.
The tangential velocity distribution at a line in the SSC with the dif-
ferent time steps and the steady simulations, presented in Sec. 4.1, also
shows good agreement. Moreover, the transient simulations were con-
sidered in the present study to obtain the average results. For all the
GVO cases, the WK coefficients were monitored during the simulation
and the averaging of the periodic signal were done for about 15s, which
is equivalent to about 150 runner rotations.

2.5. Numerical configurations

Six GVOs for a constant runner blade angle, i.e., 6 points on a
propeller curve, were investigated. The GVO is denoted by αGVO and is
presented in percentage, where 100% refers to the opening angle at
BEP. The GVO angle at BEP corresponds to 29.5°. The GVOs with the
corresponding discharge (Q), head (H ) and efficiency difference re-
lative to the BEP one are shown in Table 2. In the table, the hydraulic
efficiency η is given by,

=η P
ρgHQ

_t out

(2)

where P_t out is the power output of the turbine and ρ is the water
density.

The gross head for all the GVOs was kept constant. The minimum
discharge and efficiency were obtained for αGVO =66%. This result is
expected as the efficiency drops more on the left side of the propeller
curve (see Isaksson et al. [3]).

3. Analytical modeling

The WK method utilizes the flow features in a curvilinear motion,
i.e., the pressure gradient induced by the centrifugal force. The theory
considers a relation between the discharge and the pressure across a
spiral casing's cross-section at a specific azimuthal angle. This relation
can be derived assuming an ideal case, i.e., an axisymmetric distribu-
tion of the flow and a flow only dependent on the tangential velocity
along the SSC.

For an inviscid fluid flow in a curved conduit and considering a
constant tangential velocity uθ across a cross-section Aθ, the centrifugal
force balances the radial pressure gradient leading such as:

∂
∂

=
ρ

P
r

u
r

1 θ
2

(3)

The theoretical cross-sectional discharge Qθth is given by,

=Q A uθth θ θ (4)

Integrating Eq. (3) from the cross-section inner radius ri to outer
radius ro and insertion in Eq. (4) gives,

=Q K PΔθth Geo (5a)

where KGeo is a geometrical constant at Aθ, given by,

=
( )

K A

ρ ln
Geo

θ

r
r
o
i (5b)

Considering an axisymmetric distribution of the discharge to the
distributor, the cross-sectional discharge Qθlin can also be related to Qr ,
the radial discharge at the SSC inlet, such as:

⎜ ⎟= ⎛
⎝

− ⎞
⎠

− = −Q θ θ
θ

Q Q K Q Q( ) ( )θlin
tot

tot
r Qθ r

(6)

where θtot is the wrap angle of the SSC, =θ 210tot ° in this study and θ is
the azimuthal location on the SSC. Considering a uniform radial dis-
charge in the distributor, Qr is only function of the wrap angle and the
discharge and given by:

= °
°

Q Q150
360r (7)

So, from Eqs. (5a), (6) and (7), the total theoretical discharge Qth is
obtained function of the pressure across the section considered:

=Q K
K

P12
7

Δth
Geo

Qθ (8)

Therefore, the theoretical WK coefficient KWKth is:

=K K
K

12
7th

Geo

Qθ
WK

(9)

The theoretical WK coefficient K thWK using Eq. (9) is analyzed and
compared to the WK coefficient KWK from the simulation in Section 4.2.

4. Results and discussion

4.1. Model validation

The WK coefficients KWKs for =θ 30° at BEP for the different WK
configurations considered in Fig. 3(b) and results from previously
conducted experiments on the same model turbine are presented in
Fig. 6. The numerical results for WK1 and WK4 are in good agreement
with the experiment. There is no experimental value for WK2 since the

Table 2
Operating conditions used in the numerical investigation. The GVO of 100%
refers to the GV angle at the BEP condition.

GVOs
αGVO(%)

Discharge
Q(m3/s)

Head
H (m)

Efficiency difference
−η ηBEP(%)

66 0.416 4.37 −20.88
83 0.474 4.36 −9.18
90 0.496 4.37 −5.09
97 0.516 4.37 −0.30
100 0.525 4.37 0.00
103 0.532 4.37 −0.04
117 0.552 4.37 −0.06

Fig. 6. WK coefficients, KWKs, calculated from Eq. (1) with =n 0.5 for the
turbine model and comparison with the experimental data from Lövgren et al.
[13]. The transient results are from the time step =θΔ 77° ( =tΔ 21.569ms). The
error bar, very small, represents the standard deviation. No experimental data is
available for WK2.
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experiment was not successful for this configuration. So, WK2 config-
uration is discarded in the further studies. A larger difference between
the numerical and experimental value for WK3 is observed. The dif-
ference may be explained by a higher pressure gradient zone at P3
which may be difficult to capture in the simulation. In addition, the
exact locations of the pressure tap from the experiment are not known,
which may also have created the larger difference. The figure also
shows the present steady state results and shows a good agreement (≤
0.1% deviation) with the transient results, which was also presented in
Fig. 4.

Furthermore, the tangential velocity distribution obtained from the
CFD simulation are compared with experimental results in Fig. 7. The
measurements were done using a two-component LDA system by
Nilsson et al. [14]. The measurement locations are presented in
Fig. 7(a). The tangential velocity at VM line, shown in Fig. 7(a), is
presented in Fig. 7(b). The figure presents the velocity distribution
using the three different time steps and the steady state results. The
present results are very similar and a minimum difference (< 0.3%) is
observed between =θΔ 5° and 77°; see the zoomed view in Fig. 7(b).
The transient simulations with all the time steps considered and the

steady state simulations are in acceptable agreement with the experi-
mental results. Furthermore, the tangential velocity distribution at the
measurement area, shown in Fig. 7(a), are presented in Fig. 7(c) and (d)
for the present transient CFD using a time step of =θΔ 77° and the
experimental results, respectively. Qualitatively, the result agrees well,
with a stagnation region in front of guide vane and a larger tangential
velocity region towards the lower ring of the distributor.

4.2. Comparison with the theory

The coefficient KWK from Eq. (1) obtained from the simulations at
the BEP condition and the theoretical WK coefficient K thWK calculated
using Eq. (9) are presented in Fig. 8. The closer value between the
theory and the CFD prediction signifies that the flow is closer to the
assumptions made during analytical formulation, i.e., free vortex and
axisymmetric flow distribution. A good agreement between the CFD
and theory is seen for WK3 at θ =45°, 75° and 105°. However, the
coefficient KWK is underestimated with WK3 at θ =30°, 60° and 90°,
WK1 and WK2′ as compared to the theory. The inner pressure points P3,
P1 and ′P2 are influenced by the SVs creating larger pressure difference

Fig. 7. Tangential velocity distribution compared with the experimental results from Nilsson et al. [14]. a) measurement location showing the measurement area and
velocity measurement line (VM line), b) mean tangential velocity distribution at VM line for the experiment of Nilsson et al. [14] and the present CFD study. The CFD
results from the steady simulation and the transient simulations with the three time steps are considered. A minimum difference is observed between =θΔ 5° and 77°;
see the zoomed view of the CFD results in the figure, c) tangential velocity contour from the present transient CFD result with =θΔ 77°, measurement area is
represented with the enclosed dashed lines and VM line is also marked in the figure, and d) tangential velocity distribution from experiment conducted by Nilsson
et al. [14].
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PΔ ; see Fig. 9. Apart from the influence of the SVs, the large pressure
difference at WK1 is also due to a stronger secondary flow in this re-
gion, as was shown in a previous study [8]. Fig. 9 shows that ′P2 lo-
cation can be influenced by the guide vanes as well. The WK4 config-
uration overestimates the coefficient signifying a lower pressure than
the theoretical one, i.e., a larger velocity. A similar difference is also
observed for the other considered operating conditions, not presented.
The differences between the theoretical and numerical constants in-
dicate the dependence of the pressure difference on the locations of the
pressure taps and influence from the vanes. The WK3 configuration,
when located outside of the SVs on a flow line passing between two
adjacent SVs, seems the most suitable.

4.3. Flow distribution

The distribution of the flow around the distributor through GV
channels is shown in Fig. 10. The GV channels are denoted by sectors,

from 1 to 24 in the figure. The flow through each sector was obtained at
the area between two guide vanes and located about halfway between
the leading and trailing edge of the GVs. The flow is normalized by the
ideal flow which assumes an even distribution between the sectors.
Ideally, all the lines shown in Fig. 10 should overlap with the value of 1.
However, the flow distribution is affected by the GVOs and the location
of the sectors. There is more flow passing through the upstream sectors
(16–22) as the opening of the GV increases, except at sector 19 where
an SV is present. The maximum overflow, about 5% above the average
one, is observed for =αGVO 117%. The results follow closely that of
Nicolle and Proulx [6].

There is a flow deficit in most of the SSC, mainly when the sectors
are between two SVs, see sectors 2, 4, 6 and 8 in Fig. 10. The flow
deficit in these sectors are induced by losses resulting from the flow
separation occurring from the steep curvature of the SVs, shown in

Fig. 8. Comparison of the theoretical WK coefficient K thWK calculated using Eq.
(9) and coefficient KWK from Eq. (1) obtained from the simulations at the BEP.
The WK configurations at respective circumferential location θ are presented.

Fig. 9. Velocity contours showing the influence of stay vanes and guide vanes on the WK pressure points. Left figure: top view of the SSC indicating the pressure
points P3 for θ =30° and 45°, and ′P2 for θ =45°; right figure: cross-sectional view of the SSC at θ =30° with the pressure points P1, P3 and P4. The left figure also
shows the flow is separated from the SVs suction side, marked with the dashed circles, indicating the SVs' profiles or alignments are not optimal in this turbine and
affect the WK pressure taps in that region.

Fig. 10. Normalized radial flow through the GV channels showing the flow
distribution in each GV sector. The radial discharge is normalized by the ideal
distribution. The GV channels are denoted 1–24 in the polar axis (θ direction)
and the labels in the negative x-axis, 0.9 to 1.05, is the value for the normalized
radial discharge. The legend box shows the GVOs (αGVO) in percentage such that
100% corresponds to the opening at BEP, as presented in Table 2.
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Fig. 9. Overall, the relative average flow changes with different GVOs is
around 3% in the sectors that are located in between the SVs, whereas
there is a smaller flow difference in the sectors where the SVs are
present. The influence of SVs on the flow distribution with different
GVOs also signifies its possible effect on the WK constant.

To understand how the average flow changes with the different
GVOs along the circumferential direction θ, the average flow velocities
at the cross-sections, Fig. 3(a), are presented in Fig. 11. The figure
shows the average velocity components: tangential (u )θ in Fig. 11(a),
radial (u )r in Fig. 11(b), and axial u( z) in Fig. 11(c) for three GVOs:

=αGVO 83%, 100% and 117%. The velocity components are normalized
by the bulk velocity u0, which was calculated as the ratio of the dis-
charge to the penstock inlet area for the respective cases. There is a
larger deviation on the average tangential velocity for =αGVO 83% and
117% as θ increases. The radial velocity shows a similar distribution for
all three GVOs. The average axial velocity changes noticeably after θ
=75° for =αGVO 83%. The change in average velocity with the GVOs as
θ increases is an indication that the flow distribution changes. There-
fore, a change in the KWK constant can also be expected.

4.4. Variation of WK coefficient

Fig. 12 presents the deviation between the coefficient KWK obtained
at BEP and the one obtained at other GVOs. This can be interpreted as a
measure of how accurate the on-cam calibration is using a constant
coefficient. The figure also shows the maximum deviation of the coef-
ficients from a polynomial fitted value for a propeller curve at =θ 30°
during an experimental campaign [13]. The GVO range for the ex-
perimental propeller curve was minus 5° to plus 3° from the BEP angle,
which corresponds to αGVO of 83%–110% in this study. In the figure,
four circumferential locations at =θ 30°, 45°, 90° and 105° are con-
sidered to study the variations at the beginning and later section of the
SSC. There is obviously no deviation at αGVO =100% since the de-
viations were calculated from those points. One can see that the de-
viation of the coefficients varies with the GVOs, although a clear trend

is not observed for all WKs. The magnitude of the deviation depends on
the WK configuration and circumferential locations. There is less than
2% deviation for WK2′, WK3, and WK4 for 83% ≤ ≤αGVO 117%. In
this GVO range, the least deviation ( < 1%) is for WK3 at the beginning
of the SSC. Petterson et al. [21] reports an efficiency drop of 1.6% in a
model test for one degree offset of the guide vane, at a prototype dis-
charge of 100m3/s and a nominal head of 25m. This suggests a sen-
sitivity of the WK method to GVO and therefore should be handled
carefully.

The deviations larger than 2% are not shown in Fig. 12, which were
mainly observed for GVOs outside of 83% ≤ ≤αGVO 117% range.
For example, a larger deviation is observed at =αGVO 66% for all the
configurations. The largest deviation is for WK1 (~12%) and WK4
(~6%) at the beginning of the SSC. WK2′ shows larger deviation than
WK3 at 83% ≤ ≤αGVO 117%; it indicates the dependence of the
radial distance of the pressure tap on the top wall of the SSC. Moreover,
the pressure points P1 for WK1 and ′P2 for WK2′ were also observed to
have effects from the vanes, shown in Fig. 9. Smaller deviation was
observed further downstream the SSC. Although, WK4 is less sensitive
to the GVOs at the later part of the SSC (θ =75°–90°), a previous study
by Baidar et al. [8] showed a sensitivity to different inflow conditions.
Therefore, the most suitable location for the WK sensors seems to be
WK3 at the beginning of the SSC. This configuration was also the least
sensitive to runner blade angle change, presented in Ref. [9].

A smaller deviation for WK3 also indicates that during experiments,
Eq. (1) can be used with the value of n as 0.5. For other configurations,
the value of n may need to be adjusted to get a better fit. The experi-
mental study of the bulb turbine by Adamkowski and Lewandowski
[10] also showed that the theoretical value of n =0.5 in extreme cases
cannot reproduced the measured value and led to efficiency loss.

4.5. Study of secondary flows

A radial pressure gradient balances the centrifugal force induced on
the fluid because of the SSC curvature. A secondary flow develops when
there is an unbalance between the centrifugal force and the pressure
gradient. The variation of the coefficient KWK with the GVOs presented
in Fig. 12 is investigated by considering the normalized secondary flow
distribution along the respective WK lines shown in Fig. 3(b).

The normalized secondary flow termT‾s is derived by considering the
steady radial component of the Reynolds-averaged Navier-Stokes
(RANS) equation,

∂
∂

= − +
ρ

P
r

u
r

T T1 ‾ θ
c vt

2

(10a)

where Tc is defined by,
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θc z

r
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r θ r

(10b)

and Tvt regroups the viscous and turbulence terms. The unbalance be-
tween the centrifugal force term, u r/θ

2 , and the radial pressure gradient
term, ∂ ∂ρ P r1/ ( ‾/ ), creates the secondary flows. Therefore, the secondary
flows can be investigated by considering the terms related to the cen-
trifugal forces. Denoting the term related to the secondary flows as Ts:

= − +T T Ts c vt (11)

The term Ts is normalized with ∂ ∂ρ P r1/ ( ‾/ ) in the following such as:

=
∂
∂

T T
‾s

s

ρ
P
r

1 ‾
(12)

The term T‾s calculated using Eq. (12) is plotted for four different
GVOs along line P35 (WK3), line P15 (WK1), and line P47 (WK4) in
Fig. 13(a), 13(b) and 13(c), respectively. Two circumferential locations
are considered: at the beginning (θ = 30°) and toward the end (θ
=105°) of the SSC.

Fig. 11. Normalized tangential velocity uθ (a), radial velocity ur (b) and axial
velocity uz (c) at the cross-sections =θ 0°–120° for three GVOs (αGVO): 83%,
100% and 117%. The 100% GVO corresponds to the GVO angle at the BEP. u0 is
the bulk velocity (Q A/ in) at the penstock inlet for each case.
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The value of T‾s should be zero along the considered lines without a
secondary flow, as the centrifugal force and the pressure gradient bal-
ance each other. The pressure gradient does not balance the centrifugal
force if T‾s is negative and more than sufficient if T‾s is positive. A larger
magnitude of T‾s means a stronger secondary flow. Moreover, the dis-
tribution of T‾s should be similar to have homolog flows for all the dis-
charge conditions and thus to have the same value of KWK.

Fig. 13 shows a variable distribution of T‾s with the GVOs. The lar-
gest variation of T‾s is observed for αGVO =66%. A small deviation for
KWK3 at =θ 30° in Fig. 12 indicates that a flow homology should exist for
the conditions investigated. In Fig. 13(a) left, the distribution of T‾s for
all the GVOs considered is nearly identical. The larger magnitude of T‾s
towards the top wall of the SSC ( →r* 0 in Fig. 13(a) left) indicates a
stronger secondary flow in this region. This larger magnitude of T‾s for

→r* 0 is mainly attributed to the radial velocity, as the flow in this
region is directed towards the runner. At the azimuthal angle =θ 105°,
T‾s presents large variation between the GVOs αGVO =83% and 66%.
For this GVOs, large variation of the coefficient KWK at these GVO range
was observed.

KWK1 has the largest deviation in Fig. 12. For this configuration at
=θ 30°, the distribution of T‾s changes towards the inner wall of the SSC
as →r* 0; see Fig. 13(b) left. For an azimuthal angle =θ 105°, the
strength of the secondary flow (estimated by the value ofT‾)s contributes
to almost 90% to the radial pressure gradient. The axial convective
term, ∂ ∂u u z( / ),z r is the main term contributing to the value of T‾s. The
maximum changes towards the inner and outer walls of the SSC in T‾s at
=θ 105° is about 4%. A similar deviation on KWK1 is also observed, see
Fig. 12.

A greater balance between the centrifugal force and radial pressure
gradient is observed for the WK4 configuration, as the magnitude of T‾s
is smaller; see Fig. 13(c). The variation inT‾s is larger for =θ 30° compare
to =θ 105°; thus the coefficient KWK4. For =θ 30°, the T‾s distribution for

αGVO =66% is not included in the figure. The reason is the presence of
an adverse/positive radial pressure gradient annuling the pressure
gradient and thus creating the large value of T‾s. Fig. 14(a) shows the
normalized pressure p* for WK4 line at =θ 30°, calculated as:

=
−

p
p P

ρu
* inlet

1
2 0

2 (13)

where Pinlet, p and u0 are the total pressure at the inlet, the average
static pressure and the bulk velocity, respectively. The bulk velocity
(Q A/ in) at the penstock inlet for each case is defined as previously. An
adverse radial pressure gradient for →r* 0 with the GVO αGVO =66%
is observed. The flow in the region near the WK4 configuration with its
flow separation on the inner wall resembles this of curved pipe. The
inner flow region after a bend may be subjected to flow separation and
pressure fluctuations, as presented in the numerical study of a 90° pipe
bend by Dutta et al. [22] and experimentally in short elbow piping by
Takamura et al. [23].

The variation in T‾s with the GVO is a way to quantify the secondary
flow and explain the deviation on KWK. More specifically, the presence
of vortices in the secondary flow can be explained by the oscillatory
variation of T‾s, see e.g. the flow near the WK1 and WK4 location for =θ
30° and WK3 at =θ 105°, respectively. Fig. 14(b) shows the secondary
flow distribution represented by the velocity vectors. The largest de-
viation on the KWK coefficients were observed at the locations with such
vortices. The location of the WK pressure taps should thus be in location
no prone to separation.

5. Conclusion

The study showed a correlation between the regions with a strong
secondary flow and the ones with the maximum WK sensitivity at
various GVOs. The magnitude of the secondary flows together with the

Fig. 12. Deviation of the KWK coefficient obtained with the different GVOs to the one obtained at BEP. The deviation (%) is calculated as
× −K K K100 ( _ )/ _WK BEP WK WK BEP, where K _WK BEP is the coefficient at αGVO =100% (BEP) and KWK is the coefficient obtained at the other GVOs for each cross-section

θ. The deviations at four cross-sections are presented: θ =30° (a), θ =45° (b), θ =90° (c) and θ =105° (d). The coefficients are calculated using Eq. (1) with =n
0.5. The deviations larger than the scale (± 2%) are not shown in the figure. The error bar, denoted by εexp, refers to the maximum range of deviation of the
coefficients obtained from a polynomial fitted to experimental values for a propeller curve at =θ 30° during an experimental campaign [13]; represented by the
vertical line of the error bar. The horizontal line of the error bar represents the GVO range during the experiment.
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flow structure explain the changes with various GVOs. The WK3 con-
figuration was found the least affected by the secondary flow; thus, it
was the least sensitive to the GVOs. It is suggested to locate the WK3
pressure tap between two stay vanes in the beginning of the SSC to
minimize the effects from the vanes as well as secondary flow. This
location was also found to agree well with the theoretical WK constant.
This indicates that the position is the closest to assumptions made to
derive the method. Although the WK4 configuration showed a small
deviation from =θ 60° to 90°, a previous study showed that this location
is sensitive to upstream conditions and thus not recommended.
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Nomenclature

Ain Penstock inlet area, m2

Aθ Cross-sectional area at a circumferential location θ of the
SSC, m2

H head, m
KGeo geometrical constant, m3.5/kg0.5

KWK WK coefficient, m3.5/kg0.5

K thWK theoretical WK coefficient, m3.5/kg0.5

n WK exponent, non-dimensional
Q discharge (CFD), m3/s
Qr radial discharge into the runner at SSC inlet, m3/s
Qth theoretical discharge, m3/s

Fig. 13. Normalized secondary flow termT‾s (Eq. (12)) distribution along the respective WK lines at =θ 30° (left figures) and =θ 105° (right figures). The GVO αGVO of
100% corresponds to the GVO at BEP. For =θ 30°, the T‾s distribution for αGVO =66% is not included in (c). It is due to the presence of an adverse/positive radial
pressure gradient annuling the pressure gradient and thus creating the large value of T‾s. The dimensionless radius is defined by = − −r r r r r* ( / )i o i , where ri is the
radial coordinate of the inner pressure point and ro is the radial coordinate of the outer pressure point at the outer wall of the SSC.
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Qθ cross-sectional discharge (CFD), m3/s
Qθlin cross-sectional discharge considering axisymmetric flow dis-

tribution, m3/s
Qθth theoretical cross-sectional discharge, m3/s
ur radial velocity (towards the runner), m/s
uz axial velocity (towards the top wall of the SSC), m/s
uθ tangential velocity (towards the circumferential direction),

m/s
u0 bulk velocity, Q/Ain at penstock inlet, m/s
r radial location of the pressure points from the centre, m
r* dimensionless radius, ( − −r r r r/i o i)
ri radius at an inner pressure point, m
ro radius at an outer pressure point, m

+y dimensionless wall distance
Greek Symbols

αGVO guide vane opening angle, 100% refers to the GV opening
angle at BEP

PΔ differential pressure, Pa
tΔ time step in physical time, s
θΔ time step in terms of runner rotation, °

η hydraulic efficiency of the turbine, %
θ angular distance, °
ρ density, kg/m3

Ts secondary flow term, m/s2

T‾s normalized secondary flow term
∂ ∂P r/ radial pressure gradient, Pa/m
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a b s t r a c t

The Winter-Kennedy (WK) method is a popular choice to estimate the relative flow rates, and thus the
expected improvement in the efficiency of a low head turbine after its refurbishment. Runner refur-
bishment is a commonway to improve the plant’s efficiency. However, a previous experiment on a model
turbine reported deviations between the WK coefficients obtained from two different runners ‒ sug-
gesting a deviation between the estimated and actual improvement in the efficiency. Without formal
proof, the deviation was attributed to flow changes in the spiral casing. This paper presents a numerical
investigation of the effects of a runner change on the WK method. For this purpose, unsteady Reynolds-
averaged Navier-Stokes equations (URANS) simulations of a turbine model with two different runners
were conducted. The runner’s impact on the average flow conditions upstream and its subsequent effect
on the WK coefficients were studied. The study shows the dependence of the WK coefficients to the
runner ‒with a maximum deviation on the coefficient up to 0.7%. The larger deviations were observed in
regions prone to strong secondary flow. Following a radial and circumferential sensitivity study, a
suitable location to minimize the effects of runner change on the WK method is reported.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Many hydropower plants were built some decades ago and are
now undergoing major refurbishment and modernization projects.
Taking advantage in design improvement, these projects are ex-
pected to, among others, increase the plant’s productivity. One of
the common hydro-mechanical components replaced during a
refurbishment project is the runner. A replaced runner is expected
to yield higher efficiency and better hydraulic performance over a
wide operating range [1e3]. The scenarios for refurbishments of a
hydropower plant presented byMuntean et al. [4] showed that new
Francis runners can deliver a lower level of the residual swirl at
draft tube inlet and flatter hydraulic efficiency curve. Chirkov et al.
[1] and Ciocan et al. [2] presented new runner designs that produce
different velocity profiles downstream of the runner enhancing the
draft tube performance and overall performance of the turbine.
However, the refurbished runner should be compatible with the
existing draft tube over awide operating range, sincemodifying the

draft tube is usually expensive. Therefore, the modified runner
should be designed by using multi-objective optimization,
improving efficiency and cavitation performance with reduced
pressure pulsations [3,5e7].

Efficiency measurements are usually performed to verify the
benefits of the runner refurbishment [4,8e10]. During such
measurements, the flow rate is the most uncertain quantity to
measure. The difficulty increases for the low head plants, as the
cross-sections in the intake are continuously varying and the
intake itself might be short. In such case, the flow is not well
established, so the standard methods to measure the flow rate
are not well-developed or can be expensive. Still, there are
several techniques available for the flow rate measurement, ab-
solute or relative [11].

A relative flow rate measurement method is usually adequate to
determine if there is a difference in efficiency before and after
refurbishment. Therefore, being relatively cheap and easy, the
Winter-Kennedy (WK) method is a popular choice to perform such
tests in low head plants. The WK method relates the flow rate (Q)
and the differential pressure (DP) across a spiral casing’s cross-
section, such as:* Corresponding author.

E-mail address: binaya.baidar@ltu.se (B. Baidar).

Contents lists available at ScienceDirect

Renewable Energy

journal homepage: www.elsevier .com/locate/renene

https://doi.org/10.1016/j.renene.2020.02.055
0960-1481/© 2020 Elsevier Ltd. All rights reserved.

Renewable Energy 153 (2020) 975e984



Q ¼ KWKDP
n; (1)

where KWK is a flow constant usually termed as the WK constant/
coefficient and n is an exponent whose value ranges from 0.48 to
0.52 [11]. The WK method has good repeatability under similar
conditions. Isaksson et al. [12] reported a maximum deviation of
around 1% using the method on a prototype equipped with a
100 MW Kaplan runner. L€ovgren et al. [13] reported a maximum
standard deviation on flow rate measurement in a homologous
model Kaplan turbine to be around 0.65%. Anothermajor advantage
of theWKmethod is that it requires no downtime of the machine if
the pressure taps to measure DP are already installed.

It was previously shown by the authors that the WK method
is sensitive to downstream geometry variation: guide vane
opening (GVO) [14] and runner blade angle [15]. The sensitivity
was found to depend on the flow conditions, WK pressure taps
locations and configurations. A proper place to locate the pres-
sure taps is where the effects of the secondary flows as well as
from the vanes are minimal. Muciaccia and Walter [10] also
observed that the two sets of WK taps showed different results
before and after a runner change, both with the same design. The
WK results also showed a discrepancy with the pressure-time
method measurements. The discrepancies were related to
corrosion in the spiral case.

During a runner refurbishment, the WK coefficients are nor-
mally determined for the old runner. The coefficients for the old
runner are set either from model test results, a previous efficiency
measurement or another index testing. The same coefficients are
then used for the new runner, assuming they do not change, to
calculate the improvement and justify the project. This allows for
saving some cost. However, there is no guarantee that the WK co-
efficients are identical between both runners. If the coefficients are
different, the improvement in efficiency can deviate from the actual
improvement.

Previously, L€ovgren et al. [16] found a deviation of about 1.9% on
the WK coefficient between an old and new runner from model
testing. The deviation was found to depend on the WK configura-
tions. The maximum deviation was observed when the inner
pressure tap was placed near the runner. The actual reason for the
deviation was not known but attributed to the probable flow
changes in the spiral casing due to the runner’s different geometry.
It was concluded that the WK method was inappropriate to eval-
uate efficiency step-up for runner refurbishment projects if model
testing has not been previously been performed.

The WKmethod is an attractive method to verify the benefits of
a turbine refurbishment project. However, previous studies raise
the concern on whether the runner change affects the flow in the
spiral casing and its subsequent effect on the WK method. There-
fore, the current study aims to further investigate the effects of the
runner change on the WK coefficients to clarify the matter. The
numerical model of a Kaplan turbine equipped with a semi-spiral
casing (SSC) was developed and unsteady Reynolds-averaged
Navier-Stokes (URANS) simulations were conducted. The refer-
ence runner was replaced by another runner considering the same
specific speed; while all other components were unchanged. The
runner effect on the flow upstream in the SSC and its effect on the
WK method are reported in this paper. Furthermore, a sensitivity
analysis was performed on the misplacement of the WK pressure
taps in the radial and circumferential locations of the SSC. A suit-
able location to minimize the effects of runner change on the WK
method is reported.

2. Methods

2.1. Test cases and numerical models

Two different runners were numerically investigated in a
Kaplan turbine. The reference turbine was a reduced scale model
(1:11) of a prototype operating at the H€olleforsen hydropower
plant, Sweden. The prototype operates at a head (H) of 27 m and
discharge (Q) of 230 m3/s. The reduced model is operated under
H ¼ 4.5 m, Q ¼ 0.522 m3/s. The runner has five blades. This model
was also the test case for the Turbine-99 (T99) workshop series
[17,18]. The simulation with the T99 runner is considered as a
reference case and termed as T99 case hereafter. The second runner
is a 1:3.1 reduced scale model of the Porjus U9 turbine operating at
H ¼ 55 m and Q ¼ 18.5 m3/s at BEP. This runner has six blades. The
simulation with the U9 runner is termed U9 case hereafter. The U9
runner has also the same diameter (D) as the reference runner. All
other components except the runner were identical during the
simulations.

For both runner cases, the head was kept constant during the
simulations. The rotational speed (N) of the U9 runner was adjusted
to match the specific speed, nq, of the T99 runner, given by Eq. (2):

nq¼
NQ0:5

H0:75 (2)

Some main parameters of the two models are summarized in
Table 1.

2.2. Computational domain and mesh information

The computational domain of the turbine model is shown in
Fig. 1. The domain consists of a penstock with an SSC, a distributor
with 10 stay vanes (SVs) and 24 guide vanes (GVs), a runner (T99 or
U9) and an elbow draft tube. All the domains were composed of
structured hexahedral meshes created with the software ICEM CFD.
A hexahedrameshwith periodic faces was created for a GV passage,
multiplied and rotated to create the full distributor ‒ ensuring
conformal meshes at the interfaces. A similar technique was also
applied for the runner domain but without the periodic faces. The
meshes are represented in Fig. 2(a-c) and their information is
presented in Table 2. Amesh independence studywas carried out in
previous studies [15,19] and showed satisfactory results. In the
study presented in Ref. [19], the grid convergence index (GCI)
method was used. With this method, the maximum uncertainty in
the pressure was estimated to around 2% at one of theWK pressure
points. Globally there were about 18.1 million hexahedra elements
for the T99 case and about 15.8 million for the U9 case.

Table 1
Parameters in the models.

Parameters T99 case U9 case

GV angle (�) 29.5 29.5
D (m) 0.5 0.5
H (m) 4.37 4.37
Q (m3/s) 0.526 0.546
N (rpm) 595 584
nq 142.7 142.7

Q11 ¼
Q

D2
ffiffiffiffi
H
p (√m/s)

1.006 1.045

n11 ¼
ND
ffiffiffiffi
H
p (rpm/√m)

142.3 139.7

h� hT99 (%) 0 �1.7
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The general grid interface (GGI) technique was used to connect
the various components. The runner was in a rotating domain
while all the others were stationary. The runner was the only
domain modified during the simulations, however, some adjust-
ments were necessary on stationary parts because of the different
hub diameters of two runners; see Fig. 2(b) and (c). Two transient
rotor-stator interfaces were used between the stationary and
rotating domains (one for distributor e runner and another for
runner e draft tube) to account for the transient interaction.

2.3. Computations and boundary conditions

The numerical simulations were conducted with the commer-
cial CFD code ANSYS CFX. A second-order backward Euler scheme,
with implicit time-stepping, was used to solve the URANS equa-
tions. The conservation of mass and momentum in a time-
dependent turbulent incompressible flow can be written in the
differential form as:

vui
vxi
¼0 (3)

vui
vt
þ uj

vui
vxj
¼ � 1

r

vp
vxi
þ n

v2ui
vx2j
�
v
�
u’iu’j

�

vxj
; (4)

where ui is a time-averaged velocity component, p is the time-
averaged pressure, n is the fluid kinematic viscosity and u’i repre-
sents the fluctuating velocity component. The Reynolds stress term
�u’iu’j is modeled through a turbulence model. Here the Menter’s
two-equation shear stress transport (SST) model [20] was used as it
has beenwidely employed in hydraulic turbine simulations and has
shown satisfactory results [21]. The near-wall modeling used the
automatic treatment developed by CFX [22] which automatically
switches from wall-functions to a low-Reynolds formulation, ac-
cording to the local yþ value. The convective terms were discretized
by the ‘High Resolution’ spatial discretization scheme, which
blends first to second-order schemes depending on the local so-
lution field.

Fig. 1. Computational domain (exploded view) of the Kaplan turbine considered in the study with the T99 runner.

Fig. 2. a) Overall mesh in the SSC and distributor, b) T99 runner, c) U9 runner.

Table 2
Mesh information.

Domain Penstock
þ SSC

SV Distributor Runner Draft tube

T99 U9

Total elements (million) 3.2 1.3 3.7 4.9 2.6 5
Min. element angle (�) 18 23 27 18 22 19
Max. element aspect ratio 503 596 650 138 668 172
Orthogonality (min, avg) 13, 72 27, 72 29, 69 23, 67 17, 65 13, 67
yþ (min, avg, max) 0.1, 38, 425 0.05, 6, 41 0.20, 21, 57 8, 69,170 3,69, 1450 0.6,13,60
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For convergence control, the root-mean-square (RMS) resid-
ual for the pressure and mass momentum was set lower than
10�5. The time step chosen for the simulation was equal to one
runner passage plus 1� to save computational resources taking
advantage of the runner blade passage periodicity. For each time
step, 5 to 10 inner loops were required to fulfill the convergence
criteria. This time step strategy was presented and validated in
Refs. [14,15,23]. The WK coefficients and corresponding pressure
values were monitored to ensure stable results. Other important
variables like efficiency, discharge and pressure recovery coeffi-
cient were also monitored during the simulations. The unsteady
simulations were kept running until a stable solution was
reached.

The total pressure with a prescribed velocity direction was set
at the penstock inlet. The inlet velocity profile was generated by
simulating the whole turbine model which also includes the up-
per tank (not shown in Fig. 1). The flow in the upper tank was
time-dependent with the presence of an unsteady vortex, which
significantly affects the flow distribution downstream. Therefore,
the inlet velocity profile generated contains the effect from the
upper tank, which includes the secondary flow. The total pressure
at the inlet was adjusted to match the flow rate of the T99 runner
at BEP. An opening boundary condition with a relative pressure
was prescribed at the draft tube outlet. The same boundary con-
ditions were prescribed for both runners resulting in a constant
head. Because the flow rate was a result of the calculations, a
different value was obtained for the two runners. The U9 runner
resulted in lower efficiency than the T99 runner (see Table 1),
although it is important to recall that only one GV opening was
modeled.

2.4. WK configurations

Four WK configurations at seven different circumferential/
azimuthal angles from q ¼ 30� to 120� of the SSC were considered
in the study; see Fig. 3. The figure also shows the position of the
pressure taps (P1� P7) for these WK configurations. The purpose
of choosing different WK configurations is to study their relative
sensitivity. The pressure difference DP in Eq. (1) is calculated be-
tween the outer and inner pressure points for the respective WK
configurations. For WK1, WK3 and WK4, the outer pressure is
P657avg ¼ ðP6þ P5þ P7Þ=3. P2 is located on an SV, so WK2
configurations are located only where the SV is present, i.e., at
q ¼ 30�, 60�, 90� and 120�. In this case, DP is between P1 and P2.
WK2’ is considered between two adjacent SVs at q ¼ 45�, 75� and
105�, where P2’ is located on the top wall of the SSC at the same
radial distance as P2. ForWK2’, DP ¼ P657avg � P2’. Note thatWK2’

is not shown in Fig. 3(b) as the cross-section represented is at
q ¼ 30�.

3. Results and discussion

3.1. Comparison with the experimental results

Fig. 4 shows the WK coefficients, KWKs, at q ¼ 30� from the
present numerical simulations and the experimental results from
L€ovgren et al. [16]. The experimental coefficients were calculated
using Eq. (1); where Q was measured with two electromagnetic
flow sensors mounted in series allowing an uncertainty of ±
0.13% on the flow rate. DP was measured for 20 s using differ-
ential pressure sensors from Rosemount with a sampling fre-
quency of 100 Hz. The standard deviation of the experimental
results was about 2% of the value. Overall, the numerical results
with both T99 runner and U9 runner agree with the experi-
mental results. Some discrepancies between the experimental
and numerical results may be attributed to the chosen boundary
conditions and inexact locations of the pressure taps from the
measurements. For example, slight misplacement of the P3
pressure taps can result in a large deviation on the coefficient as
it lies in a high pressure gradient zone. This point will be
investigated later in the paper. There is no experimental data
available for WK2 as P2 tap was not appropriate to detect the
flow rate. Therefore, WK2 configurations are discarded in this
study. Further, WK2’ configuration was not considered during the
experiment. The model has also been validated in previous
studies presented in Refs. [14,15,19] and showed satisfactory
results.

Fig. 5(a) shows the radial and tangential velocity distribution
from the simulations and the experimental results along a line in
the SSC. The measurement line and the location are shown in
Fig. 5(b). The measurements were performed by Nilsson et al.
[24] using a two-component LDA system. Uncertainty in the
measurement is assumed to be 1% of the measured value. The
velocity distributions are in good agreement with the experi-
mental results. The overall distribution is well predicted,
although a slight over-prediction in the tangential velocity is
observed. As the flow rate with the U9 runner is larger than with
the T99 runner, see Table 1, a larger tangential velocity is ex-
pected. The reduction in the tangential velocity on the top wall of
the SSC, which conforms to the experimental results, shows the
boundary layer.

Fig. 3. Representation of the SSC and WK pressure taps locations and configurations.
(a) Top view of the SSC showing the locations of the WK cross-sections from q ¼ 30� to
120� . (b) WK pressure taps and configurations from WK1 to WK4. The dashed line
between the outer and inner pressure point indicates the planes used later for visu-
alization associated with the configurations: P35, P15 and P47.

Fig. 4. WK coefficients at q ¼ 30� compared to the experimental results from L€ovgren
et al. [16]. No experimental data is available for WK2.
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3.2. Radial flow distribution

Fig. 6(a) shows the time-averaged radial flow distribution
(radial discharge) around the distributor obtained for each runner.
The flow distribution was obtained at each GV sector and normal-
ized with the ideal distribution, i.e., axisymmetric flow condition.

Ideally, the flow distribution would have a value of one. For both
runners, the flow distribution shows some overflow in the up-
stream regions (sectors 16e18, 20e23) and some flow deficit in the
sectors located between two SVs (sectors 2, 4, 6, 8, 12 and 24). The
flow deficit is induced by losses from the flow separation occurring
at the SVs, which was demonstrated in a previous study [14].
Fig. 6(b) shows the percentual difference in the radial discharge
obtained between the T99 case and the U9 case. The maximum
deviation on the flow does not exceed 0.75%, which is observed in
sector 20. There is no clear trend in the deviation, but the change in
flow distribution with the runner type suggests a possible effect on
the WK coefficient. A poorly designed spiral casing creates an
asymmetric flow and induce flow separation in the GVs; see the
experimental and numerical works from Amiri et al. [25,26]. The
flow distribution around the distribution also changes with the
GVO [14,27].

3.3. WK coefficient deviation

The deviation on the WK coefficients, KWKs, with the two run-
ner cases for all the WK configurations considered is presented in
Fig. 7. The deviation presented in the figure is calculated as:

Deviation ð%Þ ¼ 100�
�
KWK T99�KWK U9

��
KWK T99; (5)

where, KWK T99 and KWK U9 are the WK coefficients obtained with
the T99 runner and U9 runner, respectively. The coefficients were
calculated from Eq. (1) with n ¼ 0.5, and Q obtained from the sim-
ulations for the respective cases. The largest deviation (0.68%) is
observed for WK4 at q ¼ 105�. The smallest deviation is also
observed for WK4 at q ¼ 75�. WK1 also shows small deviations at all
the locations. The inconsistent variation of the deviation, positive
and negative values, forWK1 andWK4 along q suggests that the flow
changes abruptly along the SSC. Therefore, the flow can be unsteady
around the regions. It was previously shown by the authors in
Refs. [14,19] that the P1 and P4 locations are prone to separations
and secondary flow effects. WK2’ and WK3 show small constant
deviations (<0.4%) for all the configurations. The deviation is slightly
larger for WK2’ than for WK3 at a particular q location. Since P2’ is
located closer to the runner than P3 points, the flow near WK2’may
bemore influenced by the runner. Although the deviations observed
between the two runners are lower than the uncertainty range of the

Fig. 5. Comparison of the tangential and radial velocity distribution at a measurement
line from the present numerical study and the experimental results from Nilsson et al.
[24]. a) Tangential and radial velocity distribution at the measurement line (VM line)
from the simulations with T99 case and U9 case compared to the experimental results,
b) the measurement location and the line VM.

Fig. 6. Flow distribution around the distributor; a) Time-averaged radial flow distri-
bution normalized by the ideal flow distribution through the GV channels (1e24), b)
Percentual radial flow deviation between T99 case and U9 case through the GV
channels.

Fig. 7. Deviation of the WK coefficients between the two runner cases. The deviation is
calculated as 100� ðKWK T99 � KWK U9Þ=KWK T99, where KWK T99 and KWK U9 are the
WK coefficients for T99 case and U9 case, respectively, and calculated from Eq. (1).
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WK method, the inconsistent deviations observed with different
configurations and locations suggest the runner affects the flow
distribution in the SSC and thus the WK coefficients.

The experimental results from L€ovgren et al. [16] showed a
maximum deviation of �1.9%, which was for WK3. In the experi-
ment, the reference runner was the T99 runner. The other runner
was its refurbished runner and different from the U9 runner
considered here. The geometry of the new runner used by L€ovgren
et al. was not available for this study. The experiment was also
conducted at various operating conditions: head, rotational speed,
and propeller configurations. Therefore, it is reasonable to assume
that several factors could have affected the coefficients during the
experiment of L€ovgren et al.

The present investigation is solely limited to the effect of the
runner change for a given GV and a runner blade angle. As
mentioned earlier, the authors in Refs. [14,15] showed that the WK
method depends on the GVO and runner blade angle. Nicolle and
Proulx [27] also showed the dependence of the WK coefficients
with GVOs and proposed a new method where the coefficient
would no longer be constant and vary with GVO. These studies
indicate that other operating conditions in a runner change will
also affect the WK method.

The effects might change with the design of the spiral casing, for
example, with an incorrect tongue angle with respect to the GV.
Poorly designed tongue with respect to the GV can induce or
enhance unsteady flow phenomena like flow separation, wakes and
vortices and pressure fluctuations. These flow phenomena can affect
the machine performance. A study conducted by Amiri et al. [25,26]
observed an asymmetric flow distribution around the distributor
due to the designed tongue-entrance junction, resulting in flow
separation in the GVs. The study conducted by Dong et al. [28] and
Chen et al. [29] also showed that the volute tongue’s length and
angle affect the flow conditions and the unit performance of a hy-
draulic machine (centrifugal pump).

3.4. Upstream flow distribution

The study of the flow field upstream of the runners is presented

in this section. The velocity and pressure distribution upstream of
both runners were studied. For this purpose, two planes: one
directly above the runner called PR plane and another in the mid-
span of the GV called PGV plane, were considered. The location of
the planes shown in Fig. 8(a) and 8(b) are respectively for T99 case
and U9 case. Furthermore, 12 pressure points were monitored to
quantify the flow changes. The pressure points were located on the
mid-span of the meridional channel starting from the runner and
going upstream to the distributor; the points G0 to G11 are indi-
cated in Fig. 8(a-c).

3.4.1. Runner upstream
The normalized velocity difference, Dnv, was considered to study

the flow field between the two cases and calculated by Eq. (6):

Dnv¼
UT99

Um T99
� UU9

Um U9

(6)

where U and Um are the time-averaged velocity and mean velocity
for the respective cases denoted by the subscripts. For averaging
velocities, 12 intermediate files at every 6th time step for T99
runner and 9 intermediate files at every 7th time step for U9 runner
were considered. As the time step used in the simulations was
equal to one runner passage plus 1�, the averaging accounted
around 14 runner rotations for T99 runner and 10 runner rotations
for U9 runner. With this strategy, there was a flow field at every 6�

and 7� of runner rotations for T99 and U9 runner, respectively.
The distribution of Dnv at PR plane is shown in Fig. 9. The effect

of the runner is clearly observed at this plane. The magnitude of Dnv

depends on the radial location and the maximum difference (�
30%) is observed towards the runner hub. The U9 blades are longer
towards the hub region than the T99 blades, therefore the PR plane
is nearer to the blades in U9 runner than in T99 runner case; see
Fig. 8(a) and (b). Therefore, a larger effect is also observed towards
the hub. The instantaneous velocity field at this plane exhibits the
respective runner signatures e clearly showing the effect of five
blades for T99 and six blades for U9 runner; not presented here.
Fig. 10 shows Dnv distribution at PGV plane. The effect of the runner
itself is not distinguishable. The maximum difference is ±5% in
these regions, which is lower than at the PR plane. The difference is
almost zero at the outer radius while it increases towards the hub
where the flowaccelerates towards the runner and has thus a larger

Fig. 8. Locations of the planes and monitored pressure points. a) with T99 runner b)
with U9 runner, and c) top view for T99. The axial location of the pressure points G0
e G11, P2’ and P3 are shown in (a) and (b), (c) is the top view showing the radial
locations of the pressure points. PGV and PR lines in (a) and (b) show the axial (ver-
tical) location of the planes in the turbine.

Fig. 9. Normalized velocity difference, Dnv , between the two cases at the plane above
the runner, PR.
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magnitude. The difference can also be observed in the wake zones
of the GVs and SVs.

Fig. 11(a) shows the normalized pressure, p*, calculated from
Eq. (7), at the monitored points G0 to G11, P2’ and P3 at q ¼ 45�.

p*¼
p� pref
1 =2 ru2b

; (7)

where p, pref and ub are the average static pressure, reference
pressure and the bulk velocity, respectively. The bulk velocity ub is
defined as the ratio of the discharge to the penstock inlet area. The

reference pressure pref in Eq. (7) is taken at P5 at q ¼ 45�. There is a
noticeable difference in p* at the points just above the runner; see
G0 and G1 in the figure. However, the difference diminishes with
the points further up. Similarly, the WK pressure points P2’ and P3
also show similar pressure values. However, if we look at the per-
centual difference between the two cases presented in Fig. 11(b),
the difference in p* is large in most of the upstream locations as
well. As p* value is relatively small at these locations, the percentual
difference is significant. The dip region in p*, indicated by two
vertical dashed lines in Fig. 11(a), is due to the loss from the GV
wake.

The excitation characteristic of the turbine depends on the
number of GVs (Zgv) and runner blades (Zb). The frequencies of the
rotor-stator interactions are given as: GV passing frequency fr ¼ N,
Zgv=60 in the rotating domain and blade passing frequency fs ¼ N,
Zb=60 in the stationary domain [30e32]. So, the excitation fre-
quencies with the T99 runner and U9 runner are different in this
study. Furthermore, a runner not designed with the draft tube can
produce undesirable pressure pulsations and rotating-vortex rope
(RVR) in the draft tube and affect the upstream flow. The fre-
quencies related to the RVR were observed in the spiral casing in
the experimental works of Jonsson and Cervantes [33]. The effects
of the RVR are also observed in runner blades [25], vaneless space
[34]. The RVR reduces the overall hydraulic performance of a tur-
bine [35e37].

3.4.2. Semi-spiral casing (SSC)
The deviation on the WK coefficients, presented in Fig. 7, can be

related to the change in velocity distribution at the respective WK
locations. For this purpose, the difference in the normalized ve-
locity, Dnv, at four planes related to their WK configurations, shown
in Fig. 3, are presented in Fig. 12(a-d). Dnv distribution is not uni-
form at the planes and some regions show a larger difference,
especially towards the inner side of the SSC. An almost uniform
distribution of Dnv at WK pressure point locations is observed at
planes P2’5 and P35, which means there is no abrupt change in the
magnitude of Dnv along q. Whereas, a larger and abrupt difference is
observed around P1 locations at Plane P15 from q ¼ 90�e120� and
most of the inner regions at plane P47. This abrupt flow changes
resulted in inconsistent deviations on theWK coefficients along the
q direction, which was presented in Fig. 7. Note that larger de-
viations on the coefficient was also observed for WK4 at q ¼ 30�

(�0.5%) and at 105� (�0.7%). A large velocity gradient zone was
observed around P4 points. The location of P4 points may also be

Fig. 10. Normalized velocity difference, Dnv , between the two cases at mid-span of the
GV, PGV.

Fig. 11. (a) Time-averaged normalized pressure at the locations G0-G11, P2’ and P3. (b)
Deviation between the two runner cases. The dip region between the two vertical
dashed lines in (a) represents GVs wake’s region.

Fig. 12. Normalized velocity difference, Dnv , between the two cases at different planes
near the respective WK configurations. The azimuthal angles (q) for the inner pressure
points for the respective WK configurations are denoted and marked with the black
plus (þ) sign.
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prone to separation, which resembles that of inner bend separation
usually observed in curved pipes [38].

3.5. Dependence of radial location for WK3 for runner change

Considering the present and past studies presented in
Refs. [14,15,19], the WK3 configuration at the beginning of the SSC,
preferably between two adjacent SVs, is recommended for the
measurement with the Winter-Kennedy method. However, as
mentioned earlier, the WK3 configuration showed ~1.9% deviation
on the WK coefficient between two runners during experiments
[16].

As the location of P3 is in a high radial pressure gradient region,
the effect of the radial location of P3 on the WK coefficients for T99
and U9 may influence the deviation between the coefficient and
needs thus to be investigated. For this purpose, the P3 location at
q ¼ 30� was varied in the radial direction. At each radial location,
theWK coefficient was calculated for both the T99 case and U9 case
and the variation of the coefficients between the cases was calcu-
lated. The deviation was calculated as in Eq. (5) and is presented in
Fig. 13. In the figure, the radial location of P3 is expressed dimen-
sionless such as, r* ¼ r=rP3� 1, where r and rP3 are a new radial
coordinate of P3 and the original radial coordinate of P3, respec-
tively. The deviation decreases as P3 is placed at greater r*, high-
lighting certainly the decreasing effect of the runner. Placing P3 at a
greater r* also decreases the differential pressure DP. The deviation
along the radial direction is not large enough to explain the dif-
ference between the experimental and numerical results.

3.6. Dependence of radial and circumferential misplacement of WK
tap for WK3

The WK3 coefficient is now investigated in the scenario of the
tap misplacement. This scenario can occur in different ways, for
instance, relocating the pressure tap after a refurbishment.
Although the spiral casing is usually not replaced on site (proto-
type), as the gain is low compared to the cost of the modification or
replacement, it can undergo some renovations, like paintings,
welding and repairs; seeMuciaccia andWalter [10]. So, the location
of the pressure tap may vary from its original position. The other
scenario of the tap misplacement can be during identical unit
measurements after a refurbishment; where the coefficient

calibrated for one unit is used for the WK measurement of another
unit. The WK measurements conducted by Rau and Eissner [39] in
identical units showed a discrepancy in the results but the actual
reasonswere not known. If the taps in all the units are not exactly in
the same locations, a small change in the tap’s location can have a
large effect on the WK coefficient.

For this purpose, both radial and circumferential misplacement
are considered. The radial misplacement is presented by r* previ-
ously defined. The circumferential misplacement is presented by
q* ¼ qp� qo, where qP is a misplaced angle in the circumferential
direction with a constant radius and qo is the original q location of
P3. The location with r* ¼ 0 and q* ¼ 0� refers to the original
location of P3. This study is presented at two circumferential lo-
cations for WK3: q ¼ 30� and 45�. The range of radial and
circumferential variation of the P3 location is shown in Fig. 14.
Fig. 14(a) and (b) show the normalized pressure distribution at a
plane, located some distance below the top wall of the SSC, for T99
case and U9 case, respectively. The original location of P3 with
radial and circumferential misplacement range for q ¼ 30� and 45�

are also denoted in the figure. A larger deviation on the coefficient
during a radial misplacement of the taps can be expected, as the
pressure gradient is larger in the radial direction compared to the
circumferential one. However, the effect of the SVs is clearly
observed in the figure which can affect the coefficients in the
circumferential direction as well.

Fig. 15(a) and 15(b) show the circumferential dependence of P3
at q ¼ 30� and 45�, respectively. Fig. 15(c) and (d) show the radial
dependence of P3 at q ¼ 30� and 45�, respectively. The deviation
was calculated in reference to the original location of P3, i.e., for
r* ¼ 0 and q* ¼ 0. The figure shows a misplaced tap can have a
significant impact on the deviation. The deviation is larger if the tap
is misplaced radially than circumferentially, as expected from the
pressure gradient shown in Fig. 14. It should also be noted that the
deviation increases when the tap is misplaced in the circumfer-
ential directionwhere there is an effect from the SVs. Therefore, the
deviation is larger when q* is positive at q¼ 30� and q* is negative at
q ¼ 45�; see the effect of SVs shown by the pressure contour bands

Fig. 13. Deviation on KWK between T99 case and U9 case for WK3 function of the radial
position P3. The deviation is calculated at each radial coordinate r* , defined by r* ¼
r=rP3 � 1, where r and rP3 are a new radial coordinate of P3 and the original radial
coordinate of P3, respectively. The first vertical dashed line represents the radial co-
ordinate at SV and the second dashed line represents the original radial location of the
P3 point.

Fig. 14. Normalized pressure contour for (a) T99 case and (b) U9 case for two
circumferential locations: q ¼ 30� and q ¼ 45� . The circumferential and radial variation
of P3 location is marked in Fig. (a) and similar is the case in Fig. (b). The beginning and
the tip of the arrow corresponds to the range of the radial variation. The circumfer-
ential variation is q* ¼ ± 6� from the original location of P3 at both q ¼ 30� and q ¼ 45� .

B. Baidar et al. / Renewable Energy 153 (2020) 975e984982



in Fig. 14. Furthermore, the relative deviation between the two
cases is negligible, as the results are almost overlapped in the fig-
ures. This means the runner itself doesn’t show a significant effect
compared to the radial and circumferential misplacement of the
tap. It is recommended to place P3 between two SVs, i.e. at q ¼ 45�

in this study, and if the relocation of P3 tap is necessary, it is rec-
ommended to place in positive q* direction.

4. Conclusions

The study showed that different runners operated at same
specific speed can affect the mean flow distribution in the SSC and
thus the WKmethod. The effect of the runner was clearly observed
directly above the runner and the effect diminishes further up-
stream. The deviations on the WK coefficients obtained between
the two runners were <0.7%. The deviations obtained are compa-
rable to the uncertainty margin of the WK method. However, the
different levels of sensitivity, in both sign and magnitude, with the
considered WK configurations showed the flow condition changes
in the SSC. This was demonstrated by studying velocity and pres-
sure distribution upstream of the runners and at the planes rep-
resented by the respective WK configurations. The regions with
larger velocity gradients and strong secondary flow show a higher
level of sensitivity. The study also showed the radial and circum-
ferential dependence of the WK3 pressure tap. It is recommended
to place the taps cautiously when using the WK method for runner
exchange, the preferable position is on the top wall between two
SVs at the beginning of SSC.
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Nomenclature

Ain penstock inlet area, m2

H Head, m
KWK WK coefficient, m3.5/kg0.5

n WK exponent, non-dimensional
Q discharge, m3/s
r radial location of the pressure points from the center, m
r* dimensionless radius, r* ¼ r=rP3� 1
rp3 the radial coordinate of the original P3 point, m
p* normalized pressure
pref reference pressure, Pa
ub bulk velocity calculated at penstock inlet (Q/Ain)
Um mean velocity, m/s
UT99; U9 total velocity for T99 case, U9 case, m/s
yþ dimensionless wall distance

Greek Symbols
DP differential pressure, Pa
Dnv difference in the normalized velocity between the two

cases
Dq time-step in terms of runner rotation, �

h hydraulic efficiency of the turbine, %
q angular distance, �

qo Original circumferential/angular distance of P3 pressure
point, �

q* Angular distance from the original q location of P3, �

qP Angular distance of the misplaced location of P3
r density, kg/m3
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Abstract: This paper explores the possibility of using the Winter–Kennedy (WK) method for transient
flow rate measurement in hydraulic turbines. Computational fluid dynamic (CFD) analysis of
a numerical model of an axial turbine was carried out for accelerating and decelerating flows.
Those were obtained by linearly opening and closing of the guide vanes, respectively, while retaining
the inlet pressure constant during the simulations. The behavior of several WK configurations on
a cross-sectional plane and along the azimuthal direction of the spiral casing was studied during
the transients. The study showed that there are certain WK configurations that are more stable
than others. The physical mechanism behind the stability (or instability) of the WK method during
transients is presented. Using the steady WK coefficient obtained at the best efficiency point (BEP),
the WK method could estimate the transient flow rate with a deviation of about 7.5% and 3.5%, for
accelerating and decelerating flow, respectively.

Keywords: Winter–Kennedy; flow rate; transient flow; hydropower; CFD

1. Introduction

The integration of intermittent renewable energy sources like solar and wind into the grid results in
grid fluctuations. The grid fluctuations are usually stabilized by hydropower plants. Thus, hydropower
will likely remain a key link to ease the integration of different renewable energy sources within the
grid in the coming decades [1,2]. This demands the highly flexible operation of the hydropower plants.
Consequently, the plants undergo frequent transient events such as start–stops and large ramping
rates. Most research is focused on the hydro-mechanical aspects of the transients [1], variable-speed
operation [3] and designing flexible hydraulic turbines to support flexible operations [2]. Besides, the
instantaneous flow rate in the transients is a key parameter to study the hydro-mechanical effects on
the turbine components or to quantify the total volume of water flow during such events. Thus, the
accurate transient flow rate measurement in a hydraulic turbine has become a necessity.

It is still challenging to accurately measure the transient flow rate in practical engineering
applications, such as in hydraulic turbines. There is no standard method to measure transient flow rate
in a hydraulic turbine: there are only methods to measure the steady flow rate (see IEC 60193 [4] for
model testing or IEC 60041 [5] and ASME PTC-18 [6] for field testing). Most of the methods described
in these standards are applicable to high-head turbines. Similar measurement in low head turbines is
challenging, as the intake for such plants is usually short and has continuously varying cross-section.
Some recent advancements in the acoustic transit-time method showed a promising result, with a
deviation of less than 0.2% from a code-accepted reference flow meter [7]. In this study, the authors
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employed pairs of ultrasonic transducers installed in a non-uniform transition section at the intake.
Yet, the ultrasonic measurement method may be expensive and time-consuming [8].

There have been substantial studies in transient flow rate measurements, mainly in pulsating
flows with several techniques. Leontidis et al. [9] developed an ultrasonic flowmeter for measuring
flow rate fluctuations in cryogenic conditions. Cheesewright et al. [10] presented a Coriolis flowmeter
with a high dynamic performance in pulsating flows is presented by an electromagnetic flowmeter
was developed to measure transient flow by Lefebvre and Durgin [11]. However, these transient
flowmeters are applicable to a laboratory or simple engineering applications. For a hydraulic turbine,
the transient flow rate in a laboratory, i.e., model testing, may be measured by recording the water
level variation over time in the upstream tank with a controlled free surface (see the experimental
work by Fraser et al. [12]). However, the usual choice in model testing remains an electromagnetic
flowmeter [13,14]. These flowmeters may not provide accurate instantaneous results as they have a
time response of 0.5 s or above. Furthermore, the utilization of these techniques in field testing of
hydraulic turbines can be infeasible or expensive.

Transient flows have been extensively studied in straight pipes [15–17] and channels [18–20].
From these studies, three main stages in flow acceleration have been identified. The first stage is
a frozen stage where the turbulent shear stress largely remains unchanged, so the mean flow field
evolves like in a laminar flow. Inertia dominates and the flow responds to the imposed pressure
gradient. There is a rapid response of the turbulence and gradually exceeds the influence of inertia
in the second stage. The third stage is a quasi-steady stage where the turbulence and the mean flow
field converge towards their steady distributions based on the final Reynolds number. Consequently,
the wall-shear stress in ramp-up flow is larger than the quasi-steady value initially and becomes
smaller in the initial stage before approaching the quasi-steady value. In ramp-down flows, the
wall-shear stress may be either larger or smaller than the corresponding quasi-steady values in flow
deceleration depending on how strong the deceleration is [21]. Seddighi et al. [19] showed through
a direct numerical simulation (DNS) study of channel flows that in strongly decelerated flow, the
wall-shear stress is smaller initially and then becomes larger than the quasi-steady values. Furthermore,
the flow and turbulence quantities are significantly different from the corresponding quasi-steady
value in the ramp-up flow whereas much less in ramp-down flow. Accelerating and decelerating flows
are two increasingly occurring transient flows in hydraulic turbines due to frequent ramp-up and
ramp-down of the machine. Therefore, a better understanding of the transients has also become a
necessity for accurate transient flow rate measurement.

One of the popular methods to measure the relative flow rate in low head plants during steady
operation is the Winter–Kennedy (WK) method. The WK method is based on a simple radial
equilibrium flow assumption, i.e., a balance between the radial pressure gradient and centrifugal forces.
The method was first described by Winter and Kennedy almost a century ago [22]. It utilizes a pair of
differential pressure taps placed at a section of the spiral casing (SC) to measure the pressure difference
∆P. ∆P is then used to calculate the flow rate (Q), such as:

Q = KWK∆Pn, (1)

where KWK is the flow coefficient called the WK constant/coefficient and n is an exponent. KWK and n
values are usually calibrated using model test results or a previous efficiency test result. The value of n
ranges from 0.48 to 0.52 [5] but is usually kept at 0.5. The uncertainty in the measurement can range up
to 2% under similar conditions [23,24].

The WK method has some cost advantages and is easy to implement. It is widely used in relative
efficiency measurements, or to find an optimum cam relationship in double regulated machines.
Another benefit of the WK method is that the ∆P is measured continuously thus providing a possibility
of using WK as a transient flow rate measurement method.

Therefore, the present work explores the possibility of using the WK method in transient flows.
For this purpose, a numerical model of a low head Kaplan model turbine has been developed and the
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computational fluid dynamics (CFD) simulations using unsteady Reynolds-averaged Navier–Stokes
(URANS) equations have been carried out. A previous study by the authors presented in [25]
showed that there could be appropriate locations and configurations of the stable WK pressure taps in
decelerating flow. Therefore, the present study is conducted considering several feasible locations for
the WK measurements in decelerating, as well as in accelerating flows. The WK coefficients in the
transient flows are compared to the coefficients obtained at steady flow conditions. The behavior of
the WK configurations in the transient flows is studied in detail.

In this paper, the test case considered is described initially, then the numerical modeling and
simulation approach to achieve the transient flows are described. The method section describes the
WK configurations considered. The result section presents the flow rate and the pressure difference
variation with time and the behavior of the WK coefficients during the transients. The performance of
the WK method is compared with the GV opening flow rate estimation approach. Finally, the flow
physics during transients, along with steady operations, are presented in the paper.

2. Methods

2.1. Porjus U9 Model Test Case and the Computational Domain

The test case of the present study is the Porjus U9 model turbine, which is a 1:3.1 scaled model of
the actual hydropower plant located in Sweden. The model turbine consists of a penstock, an SC, a
distributor with 18 stay vanes (SVs) and 20 guide vanes (GVs), a Kaplan runner with six blades, and
an elbow-type draft tube. The flow rate at the best efficient point (BEP), QBEP, is 0.71 m3/s at the GV
angle (GVA, α) of 26.5◦. The model turbine with the test rig is shown in Figure 1a. The computational
domain for the present study includes the penstock, SC and distributor. More details on the Porjus
U9 model turbine may be found in [26]. Furthermore, previously conducted experiments using laser
Doppler anemometry (LDA) at the inlet of the SC by Amiri et al. [26] and a separate study conducted
by Mulu and Cervantes [27] at two locations in the SC were used to validate the numerical model; see
Figure 1b for the measurement locations in the experiment conducted by Mulu and Cervantes.
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Figure 1. (a) Porjus U9 test rig facility with the computational domain marked by the dashed-rectangle;
(b) top view of the turbine with laser Doppler anemometry (LDA) measurement locations: SI and SII

from Mulu and Cervantes [27].

2.2. Transient Cases

The present study considers accelerating and decelerating ramp-type flows, which were obtained
by linearly opening and closing the GVs in the numerical simulations, respectively. For both cases,
the GVs movement was set to the rotational speed (ωGV) of about 8.83◦/s of the GV angle. The GVs
were opened from α = 2◦ to 26.5◦ (BEP) during acceleration and closed from α = 26.5◦ to 2◦ during
deceleration. These simulations were representative of a rapid ramp-up and rapid shutdown condition.
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Note that there is no runner in the study and hence only the GVs are moved (rotated) to obtain the
transient flows, so it is representative of an axial turbine. A minimum α of 2◦ was chosen mainly for
three reasons: a) to avoid water hammer effects, b) mesh constraints, and c) the necessity of having a
minimum flow rate during simulations.

The transient times in the acceleration and deceleration cases are denoted by ta and td, respectively.
These times are presented in reference to the time when the transient starts. As the GVs rotational
speed was 8.83◦/s of the GV angle and the range of GVA movement was 24.5◦, the total ramp time for
both cases was � 2.77 s. Before starting the transients, the steady simulations were run for a sufficiently
long period of time at a constant α, i.e., at αinitial = 2◦ for the acceleration case and αinitial = 26.5◦ for the
deceleration one. Furthermore, steady flows were obtained at stationary GVs opening with an angle of
26.5◦, 18◦, 13◦, 8◦, and 4◦, for comparison with the transient results. Table 1 shows a summary of the
transient cases.

Table 1. Transient cases.

Case αinitial (◦) αfinal (◦) Ramp Time (s)

Acceleration (GV opening) 2 26.5 2.77
Deceleration (GV closing) 26.5 2 2.77

2.3. WK Configurations and Locations

The WK configurations considered in this study are shown in Figure 2. Four cross-sectional planes
along the SC’s azimuthal direction: θ = 60◦, 75◦, 101◦, and 124◦ were considered; see Figure 2a. At each
cross-sectional plane θ, there were four WK configurations - two WKs in the upper half (WK1u and
WK2u) and their mirrored configurations in the lower half (WK1d and WK2d); see Figure 2b. The WK
coefficients KWKs were calculated from Equation (1) considering n = 0.5 and ∆P as the difference
in pressure between the outer and inner pressure points for a configuration: ∆P1u = Pou − P1u,
∆P2u = Pou − P2u, ∆P1d = Pod − P1d, and ∆P2d = Pod − P2d. As some spiral model turbine casings are
manufactured in two blocks with a horizontal interface in the middle of the guide vanes, the outer
pressure taps, Pou and Pod, are considered above and below this interface to avoid the connecting plane,
β = 0◦ shown in Figure 2b. The choice of these WK configurations is to cover feasible measurement
locations of the WK pressure taps in the SC, to understand the stability of the WKs along the azimuthal
direction of the SC and the choice of the pressure taps’ locations at a cross-sectional plane.

Energies 2020, 13, 1310 4 of 22 

 

mainly for three reasons: a) to avoid water hammer effects, b) mesh constraints, and c) the necessity 
of having a minimum flow rate during simulations. 

The transient times in the acceleration and deceleration cases are denoted by ta and td, 
respectively. These times are presented in reference to the time when the transient starts. As the GVs 
rotational speed was 8.83°/s of the GV angle and the range of GVA movement was 24.5°, the total 
ramp time for both cases was ≅ 2.77 s. Before starting the transients, the steady simulations were run 
for a sufficiently long period of time at a constant α, i.e., at αinitial = 2° for the acceleration case and 
αinitial = 26.5° for the deceleration one. Furthermore, steady flows were obtained at stationary GVs 
opening with an angle of 26.5°, 18°, 13°, 8°, and 4°, for comparison with the transient results. Table 1 
shows a summary of the transient cases. 

Table 1. Transient cases. 

Case αinitial (°) αfinal (°) Ramp Time (s) 
Acceleration (GV opening) 2 26.5 2.77 
Deceleration (GV closing) 26.5 2 2.77 

2.3. WK Configurations and Locations 

The WK configurations considered in this study are shown in Figure 2. Four cross-sectional 
planes along the SC’s azimuthal direction: θ = 60°, 75°, 101°, and 124° were considered; see Figure 2a. 
At each cross-sectional plane θ, there were four WK configurations ‒ two WKs in the upper half 
(WK1u and WK2u) and their mirrored configurations in the lower half (WK1d and WK2d); see Figure 
2b. The WK coefficients 𝐾  were calculated from Equation (1) considering n = 0.5 and ∆P as the 
difference in pressure between the outer and inner pressure points for a configuration: ∆𝑃 =  𝑃 −𝑃 , ∆𝑃 =  𝑃 − 𝑃 , ∆𝑃 =  𝑃 − 𝑃 , and ∆𝑃 =  𝑃 − 𝑃 . As some spiral model turbine 
casings are manufactured in two blocks with a horizontal interface in the middle of the guide vanes, 
the outer pressure taps, 𝑃  and 𝑃 , are considered above and below this interface to avoid the 
connecting plane, β = 0° shown in Figure 2b. The choice of these WK configurations is to cover feasible 
measurement locations of the WK pressure taps in the SC, to understand the stability of the WKs 
along the azimuthal direction of the SC and the choice of the pressure taps’ locations at a cross-
sectional plane.  

 

 

 

(a) (b) 

Figure 2. (a) Locations of the Winter–Kennedy (WK) configurations at four cross-sections along the 
azimuthal direction of the SC at θ = 60°, 75°, 101°, and 124°; (b) WK pressure points marked with the 
black circles and combinations represented by the solid lines for each cross-sectional plane. The 
angular locations of the pressure points on the plane are given by β angles, which are referenced from 
β = 0°. 

Figure 2. (a) Locations of the Winter–Kennedy (WK) configurations at four cross-sections along the
azimuthal direction of the SC at θ = 60◦, 75◦, 101◦, and 124◦; (b) WK pressure points marked with the
black circles and combinations represented by the solid lines for each cross-sectional plane. The angular
locations of the pressure points on the plane are given by β angles, which are referenced from β = 0◦.
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2.4. Numerical Approach

2.4.1. Computational Domain

The computational domain is shown in Figure 3a. It encompasses penstock, SC, and distributor
consisting of SVs and GVs. All the domains were composed of structured hexahedral meshes created
using the software ICEM CFD; see representative meshes in the penstock and the SC in Figure 3b,c.
A general grid interface (GGI) was used to connect the domains. The mesh for the distributor was
created for a single passage containing a GV and an SV and then copied and rotated to create the
distributor. This ensures the one-to-one mesh connection at the interfaces of the two adjacent passages
and makes GVs movement possible. Since there are only 18 SVs in the distributor, two passages were
without SVs (see Figure 2a).
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2.4.2. Guide Vanes Motion

In order to mimic the GVs motion in the simulations, either mesh deformation [28] or re-meshing
techniques [29] are usually employed. In this study, the mesh deformation technique was used to rotate
the GVs. The mesh motion model used is based on the displacement diffusion equation,∇·

(
Γdisp∇δ

)
= 0;

where Γdisp is the mesh stiffness and δ is the displacement relative to the previous mesh locations.
The mesh stiffness increases exponentially as the control volume size decreases to keep the cells in the
boundary layer mostly unchanged. This equation is solved at the start of each time step. With this
model, the displacements applied on boundaries are diffused to other mesh points preserving the
relative mesh distribution of the initial mesh. More details on this mesh deformation model may be
found in the software’s solver guide [30].

The transient simulations were conducted with two intermediate meshes at α = 18◦ and 8◦ to
conserve the quality of the mesh. The transient simulations were performed considering a small GV
angle overlap between two consecutive simulations. As a matter of fact, a small bump in the variables
was observed at the start of the intermediate meshes and the overlapping zones were removed during
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post-processing for smooth results. This method did not affect the overall solution, as the solution
of the second mesh followed (overlapped) the solution of the previous mesh. The GVs were rotated
around their respective rotational axes. Representative meshes around the GVs at different time
instants during the deceleration are shown in Figure 4.
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2.4.3. Governing Equations and Boundary Conditions

All the simulations were performed using the software ANSYS CFX v19.1. The flow was modeled
using unsteady Reynolds-average Navier–Stokes (URANS) equations. The continuity and momentum
equations can be expressed as:

∂ui
∂xi

= 0 (2)

∂ui

∂t
+ uj

∂ui

∂xj
= −

1
ρ

∂p
∂xi

+ ν
∂2ui

∂x2
j

−

∂
(
u′iu
′

j

)
∂xj

(3)

where ui is a time-averaged velocity component, p is the time-averaged pressure, ν is the fluid kinematic
viscosity, and u′i represents the fluctuating velocity component. The Reynolds stress term −u′iu

′

j is
modeled with a turbulence model. The governing equations are discretized using the element-based
finite volume technique implemented in the software. The High-Resolution scheme was used to
discretize the advection term, which uses a special nonlinear technique to blend first to second-order
schemes depending on the location solution field. The transient term was discretized with the
second-order backward Euler scheme, as this scheme is robust, implicit, conservative in time, and does
not have a time step size limitation, refer CFX solver guide for more information on the scheme [30].
Menter’s k−ω SST (shear stress transport) model [31] was used to model turbulence. This turbulence
model has shown satisfactory results in terms of robustness, stability, and accuracy in several previous
hydraulic turbine studies [28,32–34] and transient flow simulations in pipes [35,36]. The automatic
near-wall treatment developed by CFX was employed, which automatically switches from a low-Re
formulation to wall-functions when the grid is not refined enough near the wall [30].

Water at 20 ◦C was considered as the working fluid, with no compressibility effects. The inlet
boundary condition was a total pressure with a normal velocity profile (plug flow) at the inlet of the
penstock with medium turbulence (5% intensity). The distributor outlet was defined as an opening
boundary with a relative pressure. With these boundary conditions, the motion of the GVs induces
the flow rate variation during the simulations. All walls were assumed smooth and no-slip boundary
condition. The same set of boundary conditions was considered for all the simulations in this study.

2.4.4. Mesh Information and Numerical Uncertainties

Three different sets of meshes with a total number of elements: N1 = 9.75, N2 = 5.45, and N3 = 2.77
million were used to study the uncertainty in the chosen mesh. For this, the grid convergence index
(GCI) study was considered, following the guidelines provided in [37]. The study was performed at
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the BEP flow condition with the time step ∆t = 0.0226 s; the time step study will be discussed later.
Table 2 presents the discretization uncertainty for the WK configurations at θ = 101◦. In the table,
φ21

ext is the extrapolated value of the WK coefficients from N2 mesh to N1 mesh and GCI21
f ine mesh is the

uncertainty in the chosen mesh (N1 mesh) in this study.

Table 2. Discretization uncertainty study using Richardson extrapolation following Reference [37]. ∅1,
∅2, and ∅3 are the WK coefficients obtained with N1, N2, and N3 mesh, respectively.

Parameter φ=KWK1u φ=KWK1d φ=KWK2u φ=KWK2d

φ1 0.0199 0.0170 0.0143 0.0127
φ2 0.0196 0.0172 0.0143 0.0125
φ3 0.0204 0.0181 0.0145 0.0128
φ21

ext 0.0202 0.0168 0.0143 0.0129
GCI21

f ine mesh 1.4% 1.0% 0.1% 1.5%

Furthermore, the discretization uncertainty in the velocity along a vertical line at the inlet of the
SC is presented for the chosen mesh in Section 2.4.5. The mesh information for the chosen set of mesh
is summarized in Table 3. The mesh quality fulfills the minimum quality criteria required by the solver.
Moreover, the mesh was chosen to maintain the good quality during the GV’s movement.

Table 3. Mesh information for the chosen mesh set.

Parameters Penstock Spiral Casing Distributor (SV + GV)

α = 26.5◦ α = 18◦ α = 8◦

Total elements, in million 1.4 1.8 6.4 6.4 6.4
Max. element aspect ratio 9200 2429 416 516 557
Orthogonality angle, ◦ (min, avg) 35, 84 19, 65 22, 59 19, 57 19, 56
y+ (avg, max) 1, 495 20, 130 19, 224 16, 161 13, 67

The effect of time step size was conducted for the decelerating flow with the chosen mesh.
Two time steps: ∆t = 0.0226 s and 0.0057 s were considered, which corresponds to the GV rotational
speed ∆α of 0.2◦ and 0.05◦, respectively. The maximum deviation in the transient flow rates obtained
with these time steps was about 1.2% at td � 1.42 s. The variation of ∆P with time during the deceleration
obtained from these time steps also showed similar results and the effect of the time step is negligible,
further discussion about this is also presented in Section 3.1. All the simulations, transient and steady
cases, were therefore conducted with the time step ∆t = 0.0226 s. The simulations were carried out
using distributed-parallel computation across two machines, each with 64 GB memory and 24 cores.
The computers took a time period of about 6 days to complete each transient case simulation.

2.4.5. Validation Studies

The streamwise velocity distribution along a vertical line, Line A, at the inlet of the SC obtained
from the chosen mesh solution is compared with experimental results in Figure 5. The velocities are
scaled by the bulk velocity, Ub, calculated as the ratio of the BEP flow rate to the inlet area of the
SC (QBEP/ASC_inlet). The discretization uncertainty in the solution with the chosen mesh using the
GCI method is represented by the vertical error bars, which shows a maximum of ~1.8% uncertainty
towards the SC top wall (z*→ 1); excluding the boundary layer region which shows ~29% uncertainty
as the velocity magnitude is smaller and the relative uncertainty is thus larger.
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Figure 5. Normalized streamwise velocity (U∗) profile along Line A, with discretization error bars
for the chosen (fine) mesh in the study. z* is the dimensionless vertical distance in the spiral casing.
The velocities are scaled by the bulk velocity (QBEP/ASC_inlet). Experimental data for Line A is
from Amiri et al. [26], with the error bar assumed to 1% of the value which is reasonable for LDA
measurements. The data from Kalpakli and Örlü [38] is for a 90◦ pipe bend measured with a hot-wire.

The velocity distribution obtained from the present CFD study shows discrepancy with the
measurements conducted with a two-component LDA system by Amiri et al. [26] (see Figure 5).
The authors in [26] also performed numerical simulation and investigated the effects of mesh size,
downstream geometries (runner and draft tube) and upstream geometry (upper tank) on the velocity
distribution at the SC inlet. The simulations were conducted using scale adaptive simulation based on
the SST turbulence model (SAS-SST), which is an improved URANS formulation with the capability
to adapt the length scale to resolve turbulent structures—resulting in LES-like behavior in unsteady
regions of the flow field. Only the inclusion of the upstream tank affected the numerical results, but
no significant improvement was achieved. Therefore, the discrepancy can be attributed to either not
properly modeling the upstream tank including the performance of the URANS model or the quality
of the measurements itself. Nonetheless, the velocity follows a typical distribution observed in curved
pipes, with larger velocity towards the outer wall and smaller velocity in the inner wall of the bend.
Figure 5 also shows the velocity profile agrees well with 90◦ pipe bend measurements with a hot-wire
from Kalpakli and Örlü [38]. This velocity distribution signifies the formation of Dean vortices [38,39].

In Figure 6, the tangential and radial velocities at two locations: SI and SII (shown in Figure 1b) are
compared with the experimental results from Mulu & Cervantes [27]. The experiment was performed
using a two-component LDA system with an 85 mm fiber optic probe from Dantec. Overall, the
tangential velocity obtained from the CFD closely follows the experimental results. Towards the lower
wall (z*→−1), the tangential velocity is smaller, and the radial velocity is larger than the experimental
results. A larger magnitude of radial velocity indicates a stronger secondary flow. The magnitude of the
radial velocity is small compared to the tangential velocity and subject to large variation. Therefore, an
accurate comparison between the numerical and experimental results is sensible to the exact position.
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of the stay vanes (SVs)/guide vanes (GVs), the mid-span of the GVs, and the upper level of the leading 
edge of the SVs/GVs. 
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the upper notch, i.e., a low velocity region; marked with a dashed circle in Figure 7. This behavior is 
similar at all other cross-sections of the SC considered in this study. No large pressure was built up 
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Figure 6. (a) Normalized tangential velocity (U∗θ); (b) radial velocity (U∗r) at the spiral casing (SC)
measurement locations: SI and SII. The velocities are scaled by the bulk velocity Ub. The measurement
locations can be found in Figure 1b. z* is the dimensionless vertical distance in the spiral casing.
The experimental data are from Mulu and Cervantes [27]. The dashed-dotted vertical lines represent,
from left to right: the bottom of the SC at SI, the bottom wall of the SC at SII, the lower level of the
leading of the stay vanes (SVs)/guide vanes (GVs), the mid-span of the GVs, and the upper level of the
leading edge of the SVs/GVs.

3. Results

3.1. Variation of Pressure Difference ∆P and Flow Rate

The variation of ∆P for the WK configurations at θ = 101◦ during deceleration is presented
in Figure 7. Two time-steps are considered in this study, as described in Section 2.4.4. ∆P drops
towards zero irrespective of its value at the BEP condition. This is expected since the flow rate reduces
towards zero.

The pressure difference on the upper half of the SC, ∆P1u, and ∆P2u, drops to zero and even
becomes negative (i.e., P2u > Pou and P1u > Pou) earlier than for the lower configurations, ∆P1d and
∆P2d. Although ∆P2u magnitude is the second largest at BEP, it is the first one to have a negative value
during the deceleration. Pressure point P2u is influenced by a large pressure built up around the upper
notch, i.e., a low velocity region; marked with a dashed circle in Figure 7. This behavior is similar
at all other cross-sections of the SC considered in this study. No large pressure was built up around
the lower notch zone, i.e., around P2d. This phenomenon was not observed in the accelerating flow.
Moreover, there is an asymmetry in pressure distribution on the cross-sections of the SC, see Figure 7,
which is mainly caused by the upstream bent penstock.

The variation of the transient flow rate during acceleration and deceleration is presented in
Figure 8a,b, respectively. The flow rates obtained at steady conditions are also shown in the figures.
The steady flow rate varies almost linearly and closely follows the GVA. For an accelerating flow, the
flow rate increases almost linearly at the beginning of the transient but the rate decreases towards the
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end, i.e., when ta � 2.77 s (α = 26.5◦). The deviation (%) between the transient and steady flow rate was
studied and calculated as:

Dev (%) = 100×
∆q

QBEP
, (4)

where ∆q is a difference between the transient and steady flow rate. The maximum deviation between
the transient and the steady flow rate, calculated from Equation (4), is ~8% when ta ~2.77 s. The
flow takes a while to reach the BEP flow conditions even after the transient movement of the GV is
finished. The flow rate is slightly larger during the deceleration compared to the steady flow rates,
with a maximum deviation of ~4.5% when td ~1.52 s (α = 13◦).Energies 2020, 13, 1310 10 of 22 
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The flow shows some delays during the transients to reach its corresponding steady value for
a given GVA, which might be attributed to the inertia of the fluid. The behavior of the flow during
transient is influenced by inertia and turbulence dynamics and can be significantly different from its
quasi-steady behavior, as was studied in [16,19].

As the flow rate shows a quasi-linear relationship with the GV opening (see Figure 8), it is
interesting to see if the GV opening is sufficient to predict the flow rate during transients. The deviation
between the flow rates with respect to the GV plotted in Figure 9. The deviation is calculated as:

Dev (%) = 100×
(

Q
QBEP

−
α

αBEP

)
. (5)
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The steady flow rate is within 3.5%, whereas the transient flow rates show a larger deviation
(~8%) in both accelerating and decelerating cases. It suggests that the estimation of the transient flow
rate based only on the GV opening can induce a larger error than for the steady flow rate estimation.
The estimation of the transient flow rates with the WK method is presented in the coming sections.

3.2. Variations of the WK Coefficients During Transients

This section presents the behavior of the WK coefficients during transients. The instantaneous
WK coefficients during deceleration are also compared to the steady WK coefficients obtained at
several stationary GVAs. The instantaneous coefficients during transients were calculated from
KWK = Q/

√
|∆P|, where Q and ∆P are instantaneous flow rate and pressure difference, respectively

during transients. The absolute value of ∆P was taken as negative values of ∆P were obtained for
some WK configurations during deceleration, discussed later.

3.2.1. Decelerating Flow

The variation of the WK coefficients, KWKs, in a decelerating flow at the considered azimuthal
locations is presented in Figure 10. The figure also includes the steady WK coefficients obtained at
several stationary GVAs. All the coefficients in the figure are scaled by the coefficients obtained at the
BEP condition, KWK_BEP. Therefore, the perfect WK configurations should have a value of 1.
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Figure 10. Variation of the WK coefficients over time during deceleration at four different azimuthal
locations (θ) of the SC. Steady WK coefficients obtained at five GVAs (α) are represented by the symbols:
#, WK1u; •, WK1d; �, WK2u, �, WK2d. The WK coefficients were calculated from Equation (1) with n
= 0.5 and the absolute value of ∆P, i.e., KWK = Q/

√
|∆P|—as negative values of ∆Ps for some WKs

were observed towards the end of the deceleration. Q and ∆P are instantaneous flow rate and pressure
difference, respectively during deceleration.

The sensitivity of the coefficients in the transient depends on the WK configuration and their
azimuthal location in the SC. Overall, the WKs with a larger ∆P at BEP tends to be stable during
the transient, see WK2d in Figure 10a–c. The most stable configuration is WK2d at θ = 101◦, with a
maximum deviation of about 3% from its BEP value during the transient (td < 2.77 s), however, the
deviation increased over 20% immediately after the transient time, around td = 3 s. The flow rate and
pressure difference have low values at the end of the deceleration (see Figures 7 and 8b) and induces a
larger deviation. Moreover, the flow becomes unsteady at low flow rate regime and takes some time to
reach quasi-steady stage. Therefore, the post-transient response might be neglected or treated carefully
to avoid a larger deviation. WK2d at θ = 124◦ is not stable (Figure 10d) and shows similar behavior
to other configurations. The figures also show WK taps can induce very large errors (>20%) in the
transient flow rate measurement, which is over twice the error associated with the flow rate estimated
from the GV opening, as presented in Figure 9. This shows the WK method can outperform the GV
opening approach to predict the transient flow rate if the WK taps are in proper locations.

The deviations in the steady coefficients are also in a similar range, with a maximum deviation of
4.4% from their BEP values. The flow in the present type of SC, i.e., full SC, seems to be less sensitive
to the GV openings compared to that observed in semi-spiral casing [40].

Towards the end of the decelerating period, negative values of ∆P, i.e., inner pressure larger
than the outer pressure, were obtained for some WK configurations. The configurations showing
this behavior are WK1u at θ = 101◦ and 124◦, WK2u at θ = 75◦, 101◦, and 124◦, and WK2d at θ = 124◦.
Furthermore, even after the transient time, i.e., when td > 2.77 s, the coefficients are still varying
because of the flow unsteadiness in this regime.
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3.2.2. Accelerating Flow

The variation of KWKs in the accelerating flow is presented in Figure 11a–d. The values are
scaled by the BEP values. The behavior of the coefficients is like those in the decelerating flow—WK
configurations with larger ∆P tends to be more stable. However, the deviations are in a range of 10%
of their BEP values. WK2u configuration is more comparatively stable than the other configurations.
The most stable configuration is at θ = 101◦ and 124◦, see Figure 11c,d.
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Figure 11. Variation of the WK coefficients over time during acceleration at four different azimuthal
locations of the SC. The WK coefficients were calculated from Equation (1) with n = 0.5. The coefficients
after the transient time, i.e., when ta > 2.77s s do not coincide with the value of 1 because the flow takes
some time after the transient to stabilize and be steady.

Immediately after the beginning of the transient, 0 s < ta < 0.3 s, the coefficient decreases abruptly
and then gradually increases, see Figure 11. These dips are the results of a sudden decrease of the
pressure when the GVs starts to open as the flow accelerates. When the flow rate begins to increase,
the rate of velocity increment at the inner pressure point is larger than at the outer pressure points. So,
the rate of ∆P increment becomes larger in the beginning. However, there is still a small delay in the
flow rate to increase. Consequently, the WK coefficients show sudden dips and gradually take a steady
value as the GVs open.

The coefficients are not constant, and the ratio does not have a value of 1 before the onset of the
acceleration, i.e., ta < 0 s (i.e., when α = 2◦). This is due to the unsteady nature of the flow in a low
flow rate regime, as mentioned before. However, no negative ∆Ps were observed in accelerating flow,
unlike in the decelerating flow as mentioned before. The coefficients also take some time to stabilize
after the transient time, ta > 2.77 s. Ramp-up flows are observed to have a post-transient response and
the flow takes some time to stabilize, see the post-transient response in ramp-up pipe flow by He and
Jackson [15].

3.3. Practical Use of the WK Method in Transients

An alternative way to look at the variation of the WK coefficients during transients is by studying
the variation of ∆P with Qt, the flow rate at any instant during the transient. The WK coefficients
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and exponent values are then estimated by curve fitting, usually with a power rule in Equation (1).
Figure 12a and b show the variation of ∆P with Qt in an accelerating and decelerating flow, respectively.
Figure 12 is plotted on a log–log scale for better visual reference. The results are presented for the WK
configurations at θ = 101◦. The data from the curve fitting with Equation (1) are presented in Table 4.
If the value of n is close to 0.5, the coefficient can be calibrated only at BEP (a single point calibration)
and then used to estimate Qt. A departure from n = 0.5 signifies that the coefficient changes during the
transient; a single point calibration may induce a larger error. The data in Table 4 supports the results
observed earlier—the most stable configurations using a single point calibration are WK2u and WK2d

for an accelerating and a decelerating flow, respectively, as the value of n is close to 0.5.
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The implication of the above results is that the transient flow rate may be estimated by using the 
coefficient obtained at BEP and ∆𝑃 measured during the transients, such as: 𝑄 =  𝐾 _ × √∆𝑃, (6) 

Figure 12. Evolution of the pressure difference ∆P with the flow rate during transient for four WK
configurations at θ = 101◦, shown by the dashed lines. The continuous straight lines show the
curves fitted with Equation (1) and the fitted values are presented in Table 4. (a) Acceleration and (b)
deceleration. The legends are provided in figure (a).

Table 4. WK coefficient KWK and exponential n from curve fitting in Figure 12. R-squared (R2) values
in the table show a good fit for the data.

WK KWK n R2

Acceleration Deceleration Acceleration Deceleration Acceleration Deceleration

WK1u 0.693 0.619 0.508 0.480 0.998 0.994
WK1d 0.642 0.619 0.526 0.480 0.997 0.999
WK2u 0.465 0.468 0.500 0.443 0.997 0.993
WK2d 0.433 0.397 0.512 0.504 0.999 0.999

The implication of the above results is that the transient flow rate may be estimated by using the
coefficient obtained at BEP and ∆P measured during the transients, such as:

Qest = KWK_bep ×
√

∆P, (6)

where Qest is the estimated flow rate using the WK coefficient obtained at BEP, KWK_bep and ∆P is the
pressure difference (instantaneous) during the transient. The deviation between Qest and the transient
flow rate Qt obtained from the simulation is shown in Figure 13 for the WK configurations at θ = 101◦,
is calculated as:

Dev (%) =
Qest − Qt

Qt
× 100. (7)
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3.4. Flow Physics 
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and lower half of the cross-section and showed more like the vortex-flow distribution and 
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Figure 13. Deviation in the estimated flow rate and the transient flow rate obtained from the
simulation with the WK configurations at θ = 101◦, calculated using Equation (6). (a) Acceleration and
(b) deceleration.

The least deviation in the flow rates is obtained with the WK2d configuration, with a maximum
deviation of 7.3% and 3.5% for an accelerating and decelerating flow, respectively. The deviations are
lower than those estimated by the GV opening approach (see Figure 9)— suggesting a better accuracy
of the WK method in transient flow estimation.

3.4. Flow Physics

The study of the flow physics inside the SC during the transients and steady conditions are
presented in the following sections. This will help to understand the factors necessary to stabilize the
WK coefficients.

3.4.1. Velocity and Vorticity Development

The development of the velocity along the line representing WK2d during the acceleration and
deceleration is shown in Figures 14a–c and 14d–f, respectively. The results are scaled by Ub, the bulk
velocity. Three different cross-sections of the SC at θ = 0◦, 60◦, and 101◦ are considered to study the
flow development in the SC. The figures show the velocity profiles are nearly preserved for all the cases.
Overall, the velocity in the decelerating flow is larger than for the accelerating flow, for example at
ta = 1.81 s (or when α = 18◦), the maximum velocity at θ = 0◦ is only ~80% of Ub (Figure 14a) during the
acceleration, but it is almost equal to Ub in the deceleration (see td = 0.96 s in Figure 14b). This means
that the transient flow rate is larger in the decelerating flow than in the accelerating flow at a particular
α, which was observed in Figure 8. The velocity profiles in the deceleration are oscillating, suggesting
the presence of a larger amount of secondary flow in the region. In other words, the flow becomes
more chaotic in the deceleration than in the acceleration. Furthermore, there is a flow asymmetry
between the upper and lower half of the SC cross-section in the deceleration (not presented here).
However, the flow during the acceleration is more symmetric between the upper and lower half of the
cross-section and showed more like the vortex-flow distribution and accelerating stabilizes the flow
while decelerating destabilizes.
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distance of the inner pressure point (P2d) and outer pressure point (Pod). The results are plotted at three 
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the transients and in steady conditions. 
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the inlet to about one-third of the circumference (θ ~ 120°) of the scroll of a radial turbine was also 
observed in an experimental study by Hara et al. [42]. The total vorticity at a cross-section in curved 
pipes is zero due to the presence of the contra-rotating Dean vortices [41]. However, in the present 
SC, the vortices are asymmetric and of different strengths, which are due to the combined effects of 
upstream bent, SC geometry and radially inward flowing conditions, see Figure 15b. Therefore, the 
vorticity 𝛺* presented in Figure 15a is the net strength of the vortices, i.e., the difference between the 
counter-clockwise and clockwise vortices, where counter-clockwise vortices being stronger. The 
strong secondary flow also transports the low momentum fluids in the boundary layer radially 
inwards, Figure 15b. The magnitude of the vorticity in the acceleration is smaller than in the 
deceleration—signifying a lower magnitude of secondary flow in accelerating flow. It will be shown 
later that the secondary flow can be an important factor to balance the radial pressure gradient and 
make the WK coefficients stable. 

Figure 14. Development of the streamwise velocity (U∗) during an acceleration (a–c) and deceleration
(d–f) along the radial distance r*, given by r∗ = (r− ri)/(ro − ri), where, ri and ro are the radial distance
of the inner pressure point (P2d) and outer pressure point (Pod). The results are plotted at three azimuthal
locations of the SC for four different GVAs (including best efficiency point (BEP)) during the transients
and in steady conditions.

The total vorticity represents the intensity of the secondary flow [41] and helps to understand the
flow inside the SC. Figure 15 shows the normalized area-averaged vorticity, Ω* = Ω/Ωmax, where Ω is
the area-averaged vorticity at a cross-sectional plane of the SC and given by:

Ω =
1

Aθ

∫
Aθ

(
∂uz

∂r
−
∂ur

∂z

)
dA, (8)

where Aθ is the area of a cross-sectional plane at angle θ.
The strength of the secondary flow increases along the azimuthal direction of the SC, at least until

θ = 101◦ for most of the cases presented in Figure 15a. The growth of the secondary flow from the inlet
to about one-third of the circumference (θ ~ 120◦) of the scroll of a radial turbine was also observed in
an experimental study by Hara et al. [42]. The total vorticity at a cross-section in curved pipes is zero
due to the presence of the contra-rotating Dean vortices [41]. However, in the present SC, the vortices
are asymmetric and of different strengths, which are due to the combined effects of upstream bent, SC
geometry and radially inward flowing conditions, see Figure 15b. Therefore, the vorticity Ω* presented
in Figure 15a is the net strength of the vortices, i.e., the difference between the counter-clockwise
and clockwise vortices, where counter-clockwise vortices being stronger. The strong secondary
flow also transports the low momentum fluids in the boundary layer radially inwards, Figure 15b.
The magnitude of the vorticity in the acceleration is smaller than in the deceleration—signifying a
lower magnitude of secondary flow in accelerating flow. It will be shown later that the secondary flow
can be an important factor to balance the radial pressure gradient and make the WK coefficients stable.
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Figure 15. (a) Normalized total vorticity on the cross-sections along the SC at BEP and two time 
instants in acceleration and deceleration, corresponding to the same GVAs. (b) In-plane velocity 
vectors on θ = 101° plane at BEP showing secondary flow structure; vortices are schematically shown 
by the circles and direction by arrowheads. 
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are now considered to study the various forces acting on the flow during steady and transient flows. 
The URANS equation can be written in the differential form as: 

 𝜌 + − 𝜌 + 𝜌 𝑢 + 𝑢 + − 𝜇 ∇ 𝑢 − + − 𝑇 = 0, (9) 

where 𝛻  is the Laplacian operator and 𝑇  is the turbulence term. Following the notions presented 
in [43], the following terms are considered: 

The radial pressure gradient (RPG): 𝜕𝑃 𝜕𝑟⁄ ; 
The centrifugal force (CF): 𝜌 𝑢 𝑟⁄ ; 
The spatial inertial force (SIF): 𝜌 𝑢 + 𝑢 + ; 
The temporal inertial force (TIF): 𝜌 𝜕𝑢 𝜕𝑡⁄ ; 
The turbulence and viscous term (TV): −𝑇 − 𝜇 ∇ 𝑢 − + . 
The effect of these terms is analyzed, and the results are presented along the line representing 

WK2d at θ = 101°, as it was one of the most stable WK configurations. The variations of the terms of 
Equation (9) are presented for steady flows in Figure 16a–c, decelerating flow in Figure 16d,f, and 
accelerating flow in Figure 16 f and g. The steady results are presented at α = 26.5°, 18°, and 8°, 
whereas the results for the accelerating and deceleration flows are presented at the times when α = 
18° and 8° during the transients. The magnitude of the terms 𝑀∗ are scaled by the maximum value 
of the RPG term for a given α in the steady flow. 

During the steady operation, the distribution of the terms is almost preserved, and the 
magnitude of the terms reduces with α; see Figure 16a–c. At all the GVAs considered, the CF is larger 
than the RPG towards the inner wall (𝑟∗ → 0) and outer wall (𝑟∗ → 1) of the SC. Although the CF 
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Figure 15. (a) Normalized total vorticity on the cross-sections along the SC at BEP and two time instants
in acceleration and deceleration, corresponding to the same GVAs. (b) In-plane velocity vectors on θ =

101◦ plane at BEP showing secondary flow structure; vortices are schematically shown by the circles
and direction by arrowheads.

3.4.2. Turbulence, Secondary Flow, and Temporal Forces

Flow in curved pipes is characterized by a radial pressure gradient balancing the centrifugal
force exerted by the fluid due to its curvilinear motion. The URANS equation in a radial coordinate
are now considered to study the various forces acting on the flow during steady and transient flows.
The URANS equation can be written in the differential form as:

ρ
∂ur

∂t
+
∂P
∂r
− ρ

uθ
2

r
+ ρ

[
uz
∂ur

∂z
+ ur

∂ur

∂r
+

uθ
r
∂ur

∂θ

]
− µ

[
∇

2ur −
ur

r2 +
2
r2
∂uθ
∂θ

]
− Tt = 0, (9)

where ∇2 is the Laplacian operator and Tt is the turbulence term. Following the notions presented
in [43], the following terms are considered:

The radial pressure gradient (RPG): ∂P/∂r;
The centrifugal force (CF): ρuθ

2/r;
The spatial inertial force (SIF): ρ

[
uz

∂ur
∂z + ur

∂ur
∂r +

uθ
r
∂ur
∂θ

]
;

The temporal inertial force (TIF): ρ∂ur/∂t;
The turbulence and viscous term (TV): −Tt − µ

[
∇

2ur −
ur
r2 + 2

r2
∂uθ
∂θ

]
.

The effect of these terms is analyzed, and the results are presented along the line representing
WK2d at θ = 101◦, as it was one of the most stable WK configurations. The variations of the terms of
Equation (9) are presented for steady flows in Figure 16a–c, decelerating flow in Figure 16d,f, and
accelerating flow in Figure 16f,g. The steady results are presented at α = 26.5◦, 18◦, and 8◦, whereas
the results for the accelerating and deceleration flows are presented at the times when α = 18◦ and 8◦

during the transients. The magnitude of the terms M∗ are scaled by the maximum value of the RPG
term for a given α in the steady flow.

During the steady operation, the distribution of the terms is almost preserved, and the magnitude
of the terms reduces with α; see Figure 16a–c. At all the GVAs considered, the CF is larger than the
RPG towards the inner wall ( r∗ → 0) and outer wall ( r∗ → 1) of the SC. Although the CF shows a
smooth variation in the core region, the RPG distribution is oscillatory. The oscillatory variation of the
RPG is mainly due to the SIF - secondary flow. The relative magnitude of the SIF slightly increases
when r∗ → 0 at small α, which increases the magnitude of the RPG term.
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Figure 16. Variation of different terms at WK2d for steady operations (a–c), deceleration (d and e) and
acceleration (f and g). RPG: radial pressure gradient, CF: centrifugal force, SIF: spatial inertial force,
TIF: temporal inertial force, VT: Viscous and turbulence term; see Equation (9).

During the deceleration, the distribution of the terms is still fairly preserved, at least in the early
part of the deceleration; see Figure 16d,e. The SIF magnitude increases and the TIF term also become
significant during the deceleration. For example, at td = 0.96 s, the TIF constitutes ~ 7% of the maximum
magnitude of the RPG, whereas it increases to ~ 26% at td = 2.09 s. Although, there is a change in the
magnitude of the TV and SIF affecting the distribution of the RPG term, KWK was observed to be stable.
This means the proper reduction rate of ∆P during the deceleration is attributed to these terms.

The values of RPG and CF are largely balanced in the case of the accelerating flow, see Figure 16f,g.
This signifies the flow in the acceleration is more like the vortex flow distribution. However, KWKs

showed larger deviations in the acceleration than in the deceleration. The magnitudes of the terms:
SIF, TIF, and TV are smaller, and change significantly compared to the corresponding steady values.
A study conducted by Seddighi et al. [19] in a turbulent channel also shows a similar behavior.
Flow and turbulent quantities deviate significantly from the corresponding quasi-steady values in the
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case of ramp-up flow and much less in ramp-down flow. This behavior was due to the response of
turbulence in transient flows.

The variations of the pressure gradients during the transients are associated with the deviations
in the WK coefficients presented earlier. As seen from Figure 16, the pressure gradients along the
lines are balanced by—apart from the centrifugal forces—temporal and spatial inertial forces and
turbulence terms. These terms contribute to maintain the distribution of the forces and, therefore,
the WK coefficients showed smaller deviations during the deceleration. This means the development
of the temporal force, secondary flow, and turbulence are important factors for stabilizing the WK
coefficient during the transient. However, it should be noted that the flow inside the SC strongly
depends on the inflow conditions [44], so the behavior of the WK configurations might change with
the inlet geometry or conditions. Therefore, it is recommended to initially perform CFD simulations to
understand the behavior of the WK pressure taps before conducting measurements. The locations of
the WK taps depends, of course, on their accessibility during the measurement.

4. Conclusions

The WK method may be used for transient flow rate measurement by installing the WK pressure
taps in proper locations. In this numerical study, the variation of the WK coefficients was studied in
two cases of the transients: accelerating and decelerating flows, which were obtained by opening and
closing GVs, respectively. The deviations in the WK coefficients during the transients were studied
along with the coefficients obtained at the BEP flow condition (steady flow condition).

It was shown that the sensitivity of the WK method in the transient flows depends on the type
of transient: accelerating or decelerating, locations of the WK pressure taps, and their combinations.
The coefficients during the deceleration were observed to be more stable than for the acceleration.
The flow analysis showed that the decelerating flows exhibit a larger magnitude of secondary flow,
temporal forces, and turbulence than that of accelerating flow. These forces play a significant role to
balance the radial pressure gradient in the SC and make some WK configurations more stable than
the others. Although the accelerating flow shows a vortex type flow distribution—the radial pressure
gradient and centrifugal force largely balanced—the WK coefficients significantly deviate from their
BEP values and the deviations were larger than in the case of the decelerating flow.

The transient flow rate can be estimated by using the WK coefficient obtained at the BEP flow
condition and the differential pressure obtained in transients. In this study, the transient flow rate
with the WK2d configuration at θ = 101◦ was estimated to ~7.5% and 3.5% deviation for accelerating
and decelerating flows, respectively. The WK method showed a better performance in estimating the
transient flow rates than using the GV opening flow rate estimation approach. It is recommended
to conduct numerical simulations and study the sensitivities of different WK configurations before
the measurements.
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Nomenclature

ASC_inlet inlet area of the spiral casing (SC), m2

D penstock diameter at the inlet of the spiral casing, m
KWK WK coefficient, m3.5/kg0.5

KWK_BEP WK coefficient obtain at BEP flow condition (steady), m3.5/kg0.5

n WK exponent
N1, N2, N3 number of mesh elements in fine, medium and coarse mesh
∆P pressure difference between outer and inner WK pressure points, Pa
Q flow rate (discharge), m3/s
QBEP flow rate (steady) at BEP, m3/s
Qest estimated flow rate using KWK_BEP and ∆P, m3/s
Qs steady flow rate obtained at stationary α, m3/s
Qt transient (instantaneous) flow rate, m3/s
∆q difference in the transient and steady flow rate at same α
r∗ dimensionless radial distance
t time, s
∆t time step, s
ta accelerating time (transient time), s
td decelerating time (transient time), s
t0 the time when the transient starts, s
Ub bulk velocity calculated at the SC inlet at BEP, m3/s
U streamwise velocity (total), m/s
Uθ tangential velocity, m/s
Ur radial velocity, m/s
y+ dimensionless wall distance
z∗ dimensionless vertical distance in the spiral casing, m
Greek Symbols
α guide vane angle, ◦

∆α time step in terms of guide vane rotation angle, ◦

θ circumferential location/azimuthal angle of the SC, ◦

ρ density of the fluid (water), kg/m3

Ω total vorticity
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